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Abstract 
Damage to the rodent adult  motor cortex leads to severe and frequently ireversible 
deficits in  motor function.  One approach for  overcoming the  generaly limited 
capacity of the mature central nervous system to regenerate axons in response to cel 
loss is the transplantation of embryonic neurons. The transplanted cels are dependent 
on host circulation for oxygen and metabolic compounds.  
Here,  we combined the  use  of  geneticaly  modified  mice  over-expressing  GFP 
together  with in  vivo  2-photon  microscopy for studying the temporal and spatial 
paterns  of  blood  vessels and the  dynamic  of  graft axonal  outgrowth in association 
with blood vessels evolution. We also determined cel proliferation and apoptosis in 
the graft at diferent time points after a delayed transplantation. Finaly, the impact of 
delayed transplantation  on connectivity  of the  grafted  neurons and impact  on 
functional recovery was evaluated. 
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Our  data shows that the  blood supply to the cortical tissue transplanted  without a 
delay  originated  primarily from the regenerated  host  vessels.  By contrast, the 
microvasculature of the cortical tissue transplanted into the lesion cavity with a delay 
of 1 week originated both from the transplanted tissue and regenerated host vessels. In 
addition, a delay between lesion and transplantation enhanced graft cel proliferation, 
survival as wel as the density of the projections developed by grafted neurons. 
Taken together these results show that the rate  of  vascularization  may  be a  major 
determinant of neuronal survival and suggest that enhancement of angiogenesis in the 
damaged cortical area  may  provide an improved environment for enhanced 
proliferation of transplanted cels that are involved in repair and recovery. 
 
Introduction 
Damage to the rodents adult motor cortex leads to severe deficits in motor function in 
the contralateral limbs and loss of coordination (Whishaw et al., 1986). One approach 
for overcoming the generaly limited capacity of the mature central nervous system to 
regenerate axons in response to cel loss is the transplantation of embryonic neurons. 
We  have  previously reported that embryonic cortical  neurons  grafted into the adult 
motor cortex in an acute cortical aspiration lesion  model  developed  projections to 
appropriate cortical and subcortical host targets (Gailard et al.,  2007).  For  neural 
transplants to  be considered as  possible therapy for  human  brain injury it is of 
relevance to explore the importance of a delay between lesion and transplantation, as 
it is not always possible to  perform transplantation surgery immediately after injury 
and also as tissue for grafting may not be readily available immediately after lesion. 
In the  present study, embryonic  motor cortical tissue transplantation  was  performed 
into the forelimb  motor cortex  of adult  mice either immediately  or  one  week after 
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cortical lesion.  The importance  of the  delay  was examined  by comparing the  graft 
size, cel proliferation, survival, vascularization and connectivity of the grafted tissue 
as wel as the impact on repair and recovery. 
 
Methods 
Animals. Housing  of the animals and al animal experimental  procedures  were carried  out in 
accordance  with the  guidelines  of the  French  Agriculture and  Foresty Ministry 
(decree 87849) and the European Communities Council Directive (86/609/EEC). Al 
eforts were made to reduce the number of animals used and their sufering. 
Transplantation procedure. Adult (3-6 month old) C57BL/6 mice (n=49, R Janvier) were used as recipients, and 
the transplantation  procedure  was caried  out as  described  previously (Gailard et 
Roger, 2000). Briefly, animals were anaesthetized with avertin (ip., 250 mg per kg of 
body  weight) and the  motor cortex  was aspirated from  0.5-2.5 mm rostral to the 
Bregma and from  0.5-2.5 mm lateral to the  midline,  with the corpus calosum left 
intact. Motor cortical tissue  was obtained from embryonic  day  14 transgenic  mice 
embryos  overexpressing the enhanced  green fluorescent  protein (EGFP)  under the 
control  of a chicken  beta-actin  promotor (C57BL/6-TgN(beta-act-EGFP) Osb strain 
(Okabe et al.,  1997).  Motor cortical tissue  was  deposited into the  host lesion cavity 
either immediately (n=25)  or  7  days (n=24) after the lesion.  Care  was taken to 
maintain the  original  dorso-ventral and antero-posterior  orientations  of the cortical 
fragments  during the transplantation  procedure.  To alow  beter visualization  of 
sprouting  of the  host  vessels into the transplant,  GFP transgenic  mice  were  used as 
recipients (n=22) and  donor  motor cortical tissue  was  obtained from  C56BL/6 
Y[!
foetuses.  For in  vivo two  photon  microscopy analysis, a round  glass coverslip 
(diameter:  6mm)  was  glued with a  histo-compatible acrylic  glue, (Cyanolit) on the 
surounding  bone. Bone surface  had  been  previously thinned to  maximize  glass 
contact with brain and grafted tissue while taking care to impose virtualy no pressure. 
Bone was scratched and dried to improve later adherence of the glue. A drop of PBS 
was applied only in the centre of the window before placing the glass coverslip and 
glue  was then  generously applied.  Spreading  was  observed around and  below the 
glass  but it  was limited forward at the interface  with the  PBS  drop  due to the 
hydrophobicity of the glue. Once dried the tight seal of the glue was further reinforced 
with dental cement. 
In vivo Two-photon microscopy and data analysis. Prior each imaging session, mice were anaesthetized with an intraperitoneal injection 
of a  mixture  of  Xylazine/Ketamine (10mg/kg and  100mg/kg, respectively) and 
retroorbitaly injected intravenously with 100µl of a RhodamineB or a Cascade Blue 
conjugated  70kD  dextran solution (20mg/ml in  Phosphate  Bufer  Saline,  Sigma 
Aldrich).  Care  was taken to alternate each conjugate to limit the contaminating 
accumulation  of fluorescence in  macrophages (Fenrich et al.  2012).  Animals  were 
positioned  on a  home  made stereotactic frame  whose angular  position could  be 
adjusted in al directions to ensure perfect planar repositioning of the animal under a 
20X water immersion objective (NA= 1.0). Anaesthesia was supplemented hourly to 
prevent toe pinch reflex. 
We  used  Zeiss two-photon  microscopes (LSM7MP) home-modified to fit animal 
below the  objective and coupled to a femtosecond  pulsed infrared laser (Mai-Tai, 
Spectra  Physics) tuned at  800nm  or  840nm.  GFP (520-555nm)  RhodamineB (605-
650nm) Cascade Blue (400-480nm) signals were simultaneously colected on 3 non-
descanned  detectors.  Detector  gains  were set to  use al the  12bit  dynamic range  on 
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each channel while laser intensity was adjusted according to depth. Optimal intensity 
parameters were defined every 50µm for each mouse before starting tiled acquisition. 
These parameters were linearly interpolated for intermediate depth values. 25 fields of 
view  were typicaly acquired to completely cover the  glass  window (roughly a  2x2 
mm2 area) over a depth of 500µm using 5µm steps. Mice underwent imaging sessions 
at 4 and 7 days post implantation and 14, 28 days post-implantation if clarity of the 
window  permited. Data from each channel  were  median filtered and analyzed 
separately  using ImageJ software.  Vascular  3D image stacks  were segmented semi-
automaticaly using Otsu method while the area occupied by the graft was identified 
based on a Huang thresholding paradigm. Blood supply inside the graft was expressed 
as the  vascular  voxel  density inside the thresholded  graft  volume.  Data  were 
expressed as  mean ±  SEM over the  mice and significance tested  using a  Mann-
Whitney two tail U-test with P<0.05 used as a criterion for significance. Ilustrations 
of the figures correspond to 3D projections of the images stacks using depth cueing 
algorithm available in ImageJ. 
Post mortem study. 55 mice were used for post-mortem study for projections developed by the transplant, 
angiogenesis, celular  proliferation and celular survival in the transplant  on free-
floating sections. 
BrdU injections. To assess celular  proliferation in the  graft,  mice received  2  daily 
injections of BrdU (Sigma) (50mg/kg, 0,1M NaOH, NaCl 0,9%, i.p.) separated by 4 
hours during the 3 days folowing transplantation.  
Tissue processing. Mice  were injected  with a lethal  dose  of avertin and perfused 
transcardialy  with 150  ml  of saline (0.9%), folowed  by  200  ml ice-cold 
paraformaldehyde (PFA,  4%) in  0.1  M phosphate  bufer (PB,  pH  7,4). Brains and 
spinal cords were removed and postfixed in 4% PFA overnight. Brains were cut into 
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40µm coronal section  with a  vibratome (Microm  HM650V,  Thermo  Scientific) and 
stored in a cryoprotective solution (20%  glucose,  40% ethylene  glycol,  0,025% 
sodium azide, 0,05M phosphate bufer, pH 7,4). Spinal cords were cryoprotected in a 
30% sucrose solution  overnight, cut  on a freezing  microtome (Microm  HM450, 
Thermo Scientific) 40µm coronal section and stored in cryoprotective solution. 
Immunohistochemistry. Free-floating sections  were incubated for  1  hour at  RT in a 
blocking solution (5%  Donkey serum,  0,3% triton  X-100 in  TBS  0,1M,  pH  7,6). 
Primary antibodies, diluted in blocking solution, were applied for 2 hours at RT and 
overnight at 4°C. Appropriate secondary antibodies were diluted in blocking solution 
and applied for  1h at  RT. The folowing antibodies  were  used in this study: rabbit 
anti-GFP (1:1000,  Molecular  probes),  goat anti-DCX (1:300,  Santa  Cruz 
Biotechnologies), rat anti-CD31 (1:250, BD Biosciencess) and rat anti-BrdU (1:200, 
Serotec). For BrdU staining, sections were pre-treated with 2N HCl, 0,5% Triton X-
100 30 min at 37°C folowed by incubation with Borax (pH 8,6) for 30 min at RT and 
blocking  with  3%  bovin serum albumin (Sigma),  0,3%  Triton  X-100 in  PBS  0,1M, 
pH7,4. The sections were covered with DePeX (VWR) mounting media.  
TUNEL procedure.  To examine apoptotic cel  death  of  grafted tissue, terminal 
transferase  biotinylated-dUTP  nick end labeling (TUNEL)  was  performed  on free-
floating sections using a protocol modified from (Bessert and Sfof, 1999). Sections 
were rinsed 3 times for 10 min at RT in 0,1M PBS, pH 7,4, treated 15 min at RT with 
0,3% Triton X-100 in 0,1M PBS, pH 7,4, and rinsed 3 times for 10 min in 0,1M PBS, 
pH 7,4. Sections were treated with 200ng/mL proteinase K (Invitrogen) in 0,1M Tris 
HCl, pH 8.0, 0,05M EDTA for 6 min at 37°C and washed in 0,1M glycine in 0,1M 
PBS,  pH  7,4 for  5  min at  RT.  Sections  were incubated in  0,25% acetic anhydre in 
0,1M triethanolamine, pH 8.0 and 0,9% NaCl for 10 min at RT, rinsed for 10 min RT 
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in sterile  dH2O and for 5  min in  0,1M  PBS,  pH  7,4 at  RT.  Then, the sections  were 
treated for 20 min at RT in 0,2% H2O2 and rinsed in PBS, pH 7,4 for 10 min at RT. 
Sections  were incubated in  TUNEL reaction  mixture from the in  Situ  Cel  Death 
Detection Kit  TMR red (Roche)  diluted  2 times in  TUNEL  dilution  Bufer (30mM 
Tris/HCl, 140 mM sodium cacodylate and 1mM CoCl2) for 1h at 37°C and washed 3 
times for 10 min at RT in 0,1M PBS, pH 7,4. 
Data acquisition and quantification. For each animal,  blood  vessels, BrdU  or  TUNEL labeling within the  grafts  was 
quantified in 5 equaly spaced sections. 
For  blood  vessel  quantification, images  were taken  with  MVX  10  macroscope 
(Olympus) and  density  of  CD31 labeling  was determined  using Mercator  Pro 
software (Explora  Nova).  Results  were expressed as the  density  of  blood  vessels in 
the graft (calculated: total surface of blood vessels/total surface of the transplant). 
BrdU  positive cels  quantification  was  performed  with  Mercator  Pro software 
(Explora Nova) on pictures taken with a Leica DM5500B microscope.  
TUNEL positive cels were counted manualy on a Zeiss Axio Imager.M2 Apotome 
microscope at 40X magnification.  
The transplant surfaces  were calculated  with  Mercator Pro software (Explora Nova) 
and the transplant volume was calculated with the folowing formula: V (mm3) = s1 + 
s2)/2  d (s = surfaces (mm2) and d = distance in mm between 2 sections). 
Behavioural study. We examined whether cortical transplants can ameliorate the motor deficits induced 
by  motor cortical lesion. Functional assessment  was  performed  using the staircase 
test.  After a training  period and  baseline scores acquisition, mice  were randomly 
divided into four experimental groups: control (n=6), lesionned (n=6), lesionned and 
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transplanted without delay (n=8), lesionned and transplanted with delay (n=8). Mice 
were tested twice a week with the staircase test for 3 post-operative months. 
The staircase test alows side-specific measurement in paw reaching ability (Montoya 
et al., 1991; Baired et al., 2001). Experimental procedure was designed based on the 
protocol  described  by (Baird et al.,  2001).  Mice  were first  habituated  with sucrose 
reward  pelets (20  mg, BioServe,  Frenchtown,  NJ) by  placing approximately  50 
pelets in each cage  during three consecutive  days.  Second,  mice  were familiarized 
with the staircase apparatus (Campden Instruments,  Loughborough, UK) during two 
consecutive days: during 30 minutes sessions, mice were placed on the apparatus and 
sucrose reward pelets were placed on the staircase steps and along the central wal. 
For a further 2 weeks training period, the staircase was filed with two pelets per step 
and mice were placed in start chamber for 15 minutes sessions. For data acquisition 
sessions, session duration was set at 30 minutes and one reward pelet was placed on 
each step of the staircase. Mice were food deprived 20h prior to testing. The number 
of pelets colected or displaced and the maximum distance reached were scored for 
each side.  
Statistical analysis. Al the results concerning  post-mortem and  behavioural studies are expressed as 
mean SD. For  data concerning the transplant size, celular  proliferation, apoptosis 
and  vascularization levels in the transplants, statistical significance  was evaluated 
using a two-way analysis  of  variance (ANOVA)  having as factors time (4  days;  7 
days; 14 days) and group (transplantation without delay; transplantation with delay), 
evaluated  by two-way repeated  measures (RM) analysis  of  variance (ANOVA) 
having as factors time and group (control, lesionned, lesionned and transplanted 
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post  hoc test.  Comparisons  of the survival rates  of the transplants  were  performed 
using Logistic Regression test. The level of statistical significance was set at P<0,05. 
 
Results 
Development of the transplants To evaluate the efects  of a  delay  between lesion and  grafting  on  growth  of 
transplanted tissue, the  volume  of the  graft  was  measured at  3  diferent time  points 
after transplantation. After 4 days post-grafting, there was no significant diference in 
the  graft  volume between the two  groups  of transplanted animals (without  delay: 
0,1410,210 mm3;  with  delay:  0,2320,098  mm3) (Fig.1  A,D).  After  7  days  post-
grafting, tissue transplanted with a delay (Fig. 1J) almost filed the lesion cavity and 
its  volume tended to  be increased compared to animals transplanted without  delay 
(Fig. 1G) (without delay: 0,1580,197 mm3; with delay: 0,7580,332 mm3). After 14 
days  post-grafting, the  volume  of tissue transplanted  with  delay (Fig.  1P) was 
significantly  higher than  without a  delay (Fig.  1M and  Fig.  2A) (without  delay: 
0,5900,254 mm3; with delay: 2,3081,286 mm3; P<0,0001). The graft size depends 
on the  balance  between cel  death and/or  proliferation.  We  hypothesized that the 
increase in  graft size  may  be due either to a  decrease in cel  death  or/and to an 
increase in cel proliferation. 
Cel apoptosis in the grafts was detected by TUNEL assay at 4 days, 7 days and 14 
days post-grafting.  Numerous apoptotic cels  were found in the transplants  4  days 
after transplantation but no significant diference in the number of TUNEL+ cels was 
found  between the two transplanted  groups (without  delay:  126,30782,276;  with 
delay: 103,298,877) (Fig. 2B). After 7 days, apoptotic cel number in the transplants 
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decreased (without delay: 24,68021,032; with delay: 19,6419,056). Apoptotic cels 
became scarce after 14 days (without delay: 6,4404,599; with delay: 12,9610,784) 
and  no significant  diference  was found  between the two transplanted  groups (Fig. 
2B). Consistently, the survival rate of the transplants, calculated as the percentage of 
mice transplanted exhibiting a transplant at the time of analysis, was not statisticaly 
diferent between the two transplanted groups (without delay: 79%; with delay: 96%). 
To analyze graft cel proliferation, BrdU incorporation was measured. Quantification 
of  BrdU+ cels in the transplants showed that a  delay  between lesion and 
transplantation significantly increased the grafted cel proliferation at the 3 time point 
used in this study (day  4:  without  delay  815,04816,513 and  with  delay 
2616,7871151,313; P<0,05; day 7: without delay 1219,911027,952 and with delay 
3694967,368;  P<0,05;  day  14:  without  delay  2087,72749,529 and  with  delay 
4794,241234,87;  P<0,001) (Fig.  1A-R and  Fig.  2C). Our results suggest that 
increased  graft size in  delayed  group  was associated  with increased celular 
proliferation more than celular apoptosis. 
Vascularization of the graft The grafted cels are dependent on host vascularization and blood supply for oxygen 
and  metabolic compounds.  We  hypothesized that the  observed increased celular 
proliferation and graft size when transplanting with a delay of 1 week could be linked 
to increased vascularization of the grafts. Quantification of the CD31 immunostained 
blood  vessels in the  GFP+ grafts showed that a  delay  between lesion and 
transplantation leads to a transient  but significant increase in  grafts  vascularization 
(day  4:  without  delay:  9,8843,749;  with  delay:  14,5741,829;  P<0,05) (Fig.  2D, 
Fig.3 A-F). However, at day  7 (without  delay:  14,1953,783;  with  delay: 
15,1634,080) (Fig.  2D,  Fig.3  G-L) and  day  14 (without  delay:  16,0692,173;  with 
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delay:  16,8963,774) (Fig.  2D,  Fig.3  M-R)  no  quantitative  diference in  graft 
vascularization  was observed between the two transplantation  groups (Fig.  2D). To 
examine the contribution  of  graft  vs  host endothelial cels to the  newly  developed 
vessel  within the  graft,  we  used antibodies against  GFP and  CD31.  The combined 
GFP and  CD31 staining revealed a  diference in the  origin  of the endothelial cels 
found in the transplants. Indeed, very few CD31+/GFP+ blood vessels were found in 
the cortical tissue transplanted without delay after cortical lesion, indicating that the 
blood supply  originated  primarily from regenerated  host  vessels.  By contrast, 
numerous CD31+/GFP+ blood  vessels were found in the cortical tissue transplanted 
into the lesion cavity with a delay of 1 week indicating that in this case, the vascular 
supply  of the  graft is  derived from both host and donor  vessels.  To confirm this 
observation,  we transplanted  motor cortical tissue  obtained from  wild type animals 
into the motor cortex of GFP animals to alow beter visualization of the host blood 
vessels in the transplants. By doing so, we reached the same conclusion than above, 
i.e., that in delayed grafting, vascularization is derived from both host and transplant  
(Fig. 4 A-F). 
In a complementary series  of experiments,  we caried  out in  vivo  vascularization 
analysis  of the  grafts.  Two  groups  of transplanted  mice  were repeatedly imaged to 
assess the time dependence of blood vessels densities as wel as their nature inside the 
graft and surounding  brain tissue.  Dark  holes indicating the  presence  of  necrotic 
areas were most often observed in central areas of the grafts while cel clusters were 
present at their periphery (Fig. 5A,B). No obvious corelation was found between the 
presence  of such areas and the amplitude  of local  vascular  densities (Fig.  5A-D). 
Average vascular density inside the graft seemed slightly larger in delayed than acute 
conditions (0.24 +/- 0.08 acute n=8; 0.34 +/- 0.08 delayed n=9, Fig. 5E) but diference 
U`V!
was  not significant  due to  high inter-animal  variability (Fig.  5E).  Most striking 
diference  between the two conditions lied in the  vascular composition. While graft 
vascularization was exclusively composed of host blood vessels in acute conditions, it 
was more of a mixture of host and donor vessels in delayed conditions. Donor cels 
incorporated into vessel wals as early as 7 days after implantation (Fig. 5 F-I); they 
assembled into fuly formed donor vessels after two weeks (Fig. 5 J-M) and remained 
in place for at least another month thereafter (not shown). 
Axonal projections of transplanted neurons  We have previously shown that embryonic motor cortical tissue transplanted into the 
damaged  motor cortex  of adult  mice immediately after cortical lesion send 
appropriate  projections to cortical and subcortical targets  of the  motor cortex 
including long distance targets such as the spinal cord (Gailard et al ., 2007). In the 
present study, we examined the axonal projections of grafted neurons at 4, 7, 14 days 
and  3  months after transplantation either immediately  or  7  days after  motor cortical 
lesion. 
At day 4, in the animal group without delay (n= 5), few GFP positive (GFP+) fibers 
were identified in the  host cortex at approximately  150-250  µm from the  graft-host 
border (Fig. 6A). At day 4 in the delayed group (n=5), the front of GFP+ axons was 
about 500 µm away from the graft-host interface in the cortex (Fig. 6B). At day 4, in 
both  groups, transplanted neuronal cel bodies and processes expressed doublecortin 
(DCX) a  marker for  migrating  neuroblasts.  At  day  7, in the group  without  delay 
(n= 5),  GFP+ fibers left the  graft and  proceeded toward the  underlying corpus 
calosum (cc) (Fig. 6C). At day 7, in the delayed group, (n= 5), a dense contingent of 
GFP+ fibers were found ipsilateraly within the cc and the lateral and medial cortex; 
in addition,  developing axons  were found ipsilateraly  within the caudate  putamen 
(CPu) and contralateraly in the cc, the  motor cortex and  CPu (Fig.  6D).  Most 
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strikingly, the  density  of  GFP axons  was considerably  higher  both ipsi and 
contralateraly in the cortex and CPu compared with the no delay group 7 days post 
grafting (Fig.  7A,B).  At  day  14, in the group  without  delay (n= 5),  GFP+ fibers 
progressed further tangentialy in the host cortex and, for their major part, terminated 
within the deep cortical layers (Fig. 6E). In addition, GFP+ fibers crossed the cc and 
entered the CPu (Fig. 7C-D) and leading axons were found in the internal capsule (ic) 
(Fig. 7G,H). At day 14, in delayed group, the density of GFP axons was considerably 
higher  both ipsi and contralateraly in the cortex,  CPu and thalamus (Fig.  7E,F) 
compared with the no delay group. Fast developing fibers were also identified within 
the thalamus, cerebral peduncle (cp) and, in some cases, at pontine nuclei (Pn) level. 
Three months post grafting, in the group without delay (n= 5), a dense aray of GFP+ 
fibers was found both ipsi and contralateraly within motor and sensorimotor cortices 
and mainly ipsilateraly within the dorsolateral CPu (Fig. 6G), which coresponds to 
the normal patern of projection of motor cortex neurons (Fig. 6G). In addition GFP+ 
fibers were present, in the host thalamus, especialy within the ventrolateral internal 
capsule, cerebral pedoncule and the pontine nuclei and in one third of the cases into 
the spinal cord. 
Three months post  grafting in  delayed  group (n= 8), GFP+ fibers  were found in the 
same areas than in the case  of  grafting  without  delay  but  with a  higher  magnitude 
(Fig. 6H).  
Strikingly,  we  observed that labeled fibers  were found  within the spinal cord in al 
transplanted animals in the delayed group compare to the no delay group (Fig. 7). 
One of the most notable features of this study was that a delay between cortical lesion 
and transplantation increased the  density  of  projections  developed  by transplanted 
neurons towards al the  motor cortex cortical and subcortical specific targets.  The 
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number of fibers could not be quantified due to the very large number of projections 
developed  by transplanted  neurons, especialy  when transplantation  was  performed 
with a delay of one week after cortical lesion. 
Functional recovery Lesions  of the forelimb representation area  of the  motor cortex  produce skiled 
forelimb reaching deficits. The staircase test was previously used in order to analyze 
such deficits, after lesion and after grafting (Baird et al., 2001). 
Four groups of animals (control, lesioned, transplanted without delay and transplanted 
with 1 week delay) were assessed for skiled reaching. 
Quantification of the number of pelets colected with the forepaw contralateral to the 
lesion side showed that the lesioned  group  was significantly impaired compared to 
control group (percentage of baseline performance during post-operative sessions was 
respectively  82,321,4 and  171,923,6;  P<0,001) (Fig.  7J). Indeed, the lesioned 
group showed a strong deficit within the three first post-operative weeks (percentage 
of  baseline  performance:  45,59,09) folowed  by a limited spontaneous functional 
recovery  until the end  of the experiment i.e.,  3  months after transplantation 
(percentage of baseline performance: 88,815,3) (Fig. 7J). Animals receiving a graft 
of embryonic tissue  without  delay tended to show improvement in  performance 
relative to the lesion  group, although this  did  not reach statistical significance 
(percentage  of  baseline  performance  during  post-operative sessions is respectively 
9514,8 and  82,321,4) (Fig.  7J). Indeed, in this later case, graft induced recovery 
was not complete since the performance of mice grafted without delay did not reach 
control mice levels (percentage  of  baseline  performance  during  post-operative 
sessions is respectively 9514,8 and 171,923,6; P<0,001) (Fig. 7J). Graft-mediated 
recovery tends to be increased when a delay of 1 week is introduced between lesion 
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and transplantation compared to transplantation immediately after cortical lesion 
(percentage  of  baseline  performance  during  post-operative sessions is respectively 
105,818,8 and  9514,8) although this recovery did  not reach control levels 
(percentage of baseline  performance during post-operative sessions was respectively 
of 105,818,8 and  171,923,6;  P<0,001) (Fig.  7J).  During the first  3  post-operative 
weeks, loss  of function tends to  be reduced in  both transplanted  groups compared 
with lesioned group (percentage  of  baseline  performance  during  post-operative 
sessions  without  delay:  79,27,2;  with  delay: 91,722; lesion:  45,59,09) (Fig.  7J). 
Then, from 3,5 weeks to 3 month, there was non-significant increase in paw reaching 
performance  between lesioned group and  group transplanted  without  delay 
(percentage of baseline performance was respectively 88,815,3 and 97,814,1) (Fig. 
7J). During this period, there was a non significant increase in performance between 
the  group transplanted  without  delay and  with  delay (percentage  of  baseline 
performance is respectively 97,814,1 and 108,317,7) (Fig. 7J). 
 
Discussion 
The  present study  was caried  out to examine the efects  of a  delay  between adult 
motor cortical lesion and transplantation on  graft survival,  vascularization and 
connectivity of the grafted tissue as wel as the impact on repair and recovery.!
Our  data show that (1) a  delay  between lesion and transplantation enhanced the 
transplant size,  probably  by increasing  grafted cels  proliferation, (2) The  blood 
supply to the cortical tissue transplanted without a delay originated primarily from the 
regenerated  host  vessels. By contrast, the  microvasculature  of the cortical tissue 
transplanted into the lesion cavity  with a  delay  of  1  week arises both from the 
transplanted tissue and sprouting  of the  host  vessels. (3) The  density  of  projections 
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developed by grafted neurons, towards appropriate cortical and subcortical targets is 
dramaticaly increased, by introducing a delay between lesion and transplantation. 
Thus,  our findings suggest that introducing a  delay  between the lesion and 
transplantation can significantly enhance  graft  vascularization, survival and the 
establishment of transplant-to-host projections.  
Graft survival The  graft size  depends  on the  balance  between cel  death and  proliferation. In the 
present study, the combination  of  GFP to  detect the  graft cels,  BrdU staining to 
detect cel  proliferation and  TUNEL staining to  detect cel  death alowed us to 
perform a rigorous assessment  of  grafted cel  proliferation and survival folowing 
cortical lesion.  We  have shown that a  delay  between lesion and transplantation 
significantly increased the grafted cel proliferation. Cel apoptosis does not appear to 
play a major role in graft size as the number of TUNEL+ grafted cels was low both in 
delayed and  no  delayed groups, at al survival time  points investigated. Regarding 
grafts survival, our findings are consistent with previous studies showing robust graft 
survival rate by delaying transplantation compared with transplantation without delay 
(Miyoshi et al., 1995a, Kesslak et al., 1986). It has been suggested that injury induced 
trophic activity that in turn increased transplant survival. Injury induced trophic 
activity has been also shown to increase the survival of striatal cholinergic grafts after 
lesion  of retrohippocampal several  days  before transplantation (Manthorpe et al., 
1983),  or  by injecting extracts  prepared from injured  brain (Nieto-Sampedro et al., 
1984). 
Graft vascularization One crucial issue for the survival of transplanted cels is the provision of oxygen and 
metabolic compounds.  Grafted tissue survival also  depends  on interaction  between 
host and fetal endothelial cels alowing the establishment  of a functional 
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vascularization. Here, the  graft  vasculature  was examined in  vivo  by  bi  photon 
microscopy and on  brain sections and the  graft  microvasculature  was  quantified at 
diferent time after the transplantation. Quantification  of the  CD31 immunostained 
blood  vessels in the  GFP+ grafts showed that a  delay  between lesion and 
transplantation leads to a transient  but significant increase in  graft  vascularization  4 
days after transplantation. The importance  of  vascularization for the survival  of 
transplants  has  been  previously  highlighted  more than three  decades ago.  For 
instance, it  has  been  documented that cel survival  of transplanted  neurons can  be 
improved if  grafts were placed in  highly  vascularized areas  of the  host such as the 
anterior eye chamber (Olson et al., 1982) or the median eminence (Rosenstein et al., 
1978). It has been suggested that a delay between lesion and transplantation induces 
the  development  of  blood  vessels and the release  of  neurotrophic factors enhancing 
the grafts cel survival (Johansson & Grabowski, 1994). In the same line, an increase 
in  vascular  density around cortical lesion cavity  made  4  days before in the rat was 
previously reported and it was also proposed that the regenerated vessels might ofer a 
favourable condition for graft survival (Miyoshi et al., 1995a; Miyoshi et al., 1995b). 
Our data show that the blood supply to the cortical tissue transplanted without a delay 
originated primarily from regenerated host vessels. By contrast, the microvasculature 
of the cortical tissue transplanted into the lesion cavity with a one week delay arises 
both from the transplanted tissue and sprouting  of  host  vessels. Expression  of 
proangiogenic factors that are  yet to be determined and that stimulate host and graft 
angiogenesis might  be implicated. Among these  potential proangiogenic factors, 
expression of vascular endothelial growth factor (VEGF) in traumatic brain injury by 
early-activated microglia/ macrophages was previously shown to cumulate by days 3
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6 (Bartholdi et al., 1997; Giulian et al., 1989, Nag et al., 2002; Nag et al., 1997; Skold 
et al., 2005). 
Axonal projections of transplanted neurons  The  potential efectiveness  of  neural transplantation  depends  on the level  of 
reconstruction  of  damaged pathways (Wictorin et al., 1990). In the cerebral cortex, 
point-to-point innervation of target areas by the transplant neurons is critical. We have 
previously shown that embryonic  motor cortical  neurons transplanted into 
immediately lesioned  motor cortex  of adult  mice  develop appropriate cortical and 
subcortical projections similar to that found in normal animals (Gailard et al., 2007). 
In the  present study  we  have shown for the first time that, axonal  projection  of 
transplanted motor cortical neurons was dramaticaly increased when transplantation 
was  performed  with a  delay  of  one  week. Indeed,  we  observed  massive  graft 
projections to the host cortex, caudate putamen, the thalamus and spinal cord. More 
importantly, in al transplanted cases  with a  delay,  grafted  neurons extended axons 
over remarkably long distances to the spinal cord.  
Functional recovery Lesions  of the forelimb representation area  of the  motor cortex  produce skiled 
forelimb reaching deficits. Several studies, have examined the functional outcome of 
embryonic cel transplantation folowing cerebral cortex lesions in adult rats and the 
results are subject to controversy. For instance, Plumet et al. (1993) have shown that 
grafts of embryonic motor cortex into the lesioned motor cortex in adult rats induced 
partial reduction of deficit in skiled forelimb reaching. In contrast, Kolb et al. (1988, 
1994) did not observe behavioural recovery after transplantation of embryonic frontal 
cortex into the lesioned frontal cortex.  Our results show  deficit  of contralateral 
forelimb in the lesioned group, compared to control group, within the three first post-
operative weeks folowed by a limited spontaneous functional recovery until the end 
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of the experiment.  Animals receiving a  graft  of embryonic tissue  with  or  without 
delay showed also a performance improvement,  but that  was  not statisticaly 
significant from that  of the lesioned  groups.  The capacity  of the  graft to induce 
recovery  of lost functions  depends  mainly  on the formation  of connections  between 
transplanted  neurons and  host (Bjorklund  &  Stenevi,  1979;  Bjorklund et al.,  1980; 
Gailard et al.,  2009; Gailard  & Jaber, 2011). In  our study,  we  did  not  observe an 
increase  of functional recovery folowing  grafting despite a large  number  of 
projections developed by grafted neurons to appropriate cortical and subcortical areas. 
Many variables, such as low number of subjects in each group, pre and post-operative 
training, may account for lack of additional motor recovery observed in transplanted 
compared to lesioned animals. Indeed, it  has  been shown that folowing cortical 
transplantation forelimb training (Riolobos et al.,  2001)  or  pharmacological 
treatments (Feeney &  Suton,  1987) both enhance recovery compared to control 
animals.  Accordingly,  Mayer et al. (1992), reported that after embryonic striatal 
transplantation in adult rats with a striatal lesion, post operative training optimized the 
eficacy  of  graft-induced recovery, suggesting that animals  may  need to learn to 
functionaly integrate the transplant to obtain behavioural recovery.  
 
Taken together,  our results show that introducing a  delay  between the lesion and 
transplantation can significantly enhance graft  vascularization, survival and the 
establishment of transplant-to-host projections. Additional experiments are underway 
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!Figure legends 
Figure 1. Graft  development and cel  proliferation.  Low  magnification 
photomicrographs  of coronal sections showing  BrdU+ cels (in red) in the  GFP+ 
transplants (in  green) at  4  days (A,D),  7  days (G,J) and  14  days (M,P) after 
transplantation without delay (A,G,M) or with delay (D,J,P) after cortical lesion. High 
magnification images from regions of interest located inside the graft showing BrdU+ 
cels (in red) in the GFP+ transplants (in green) at 4 days (B,C and E,F), 7 days (H,I 
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and K,L) and 14 days (N,O and K,R) after transplantation without delay (B,C; H,I and 
N,O) or with delay (E,F; K,L and Q,R) after the cortical lesion. The increased number 
of  proliferating cels is corelated  with an increased size  of the  grafts  when 
transplantation is  performed  with  delay (D-F,J-L and  P-R) compared  with  no delay 
group (A-C,G-I and  M-O). cc: corpus calosum,  CPu: caudate  putamen,  Cx: cortex. 
Scale bars: (A,D,G,J,M,P) 600 m, (B,C,E,F,H,I,K,L,N,O,Q,R) 90 m. 
 
Figure 2.  Quantitative analysis  of the  development and the  vascularization  of the 
transplant. (A) Measurement  of the size  of the transplants (mm3) at  different time 
points (4,  7,  14  days) after transplantation  without  delay  or  with  delay after the 
cortical lesion. A significantly increase in the volume  of the transplants is  observed 
after  14  days  when transplantation is  performed  one  week after the cortical lesion 
compared with no delay group. (B) Quantification of the TUNEL+ cel number in the 
transplants at 4, 7 and 14 days after transplantation without delay or with delay after 
the cortical lesion. The  post-
number of transplanted cels undergoing apoptosis process. (C) Quantification of the 
BrdU+ cel number in the transplants at 4, 7 and 14 days after transplantation without 
or  with  delay after the motor cortex lesion. A significant increase in the  number  of 
BrdU+ cels is found in the transplants for the 3 time points used in this study when 
transplantation is performed with delay after the cortical lesion. (D) Measurement of 
the  vascularization  of the transplants expressed as the  CD31+  blood  vessels 
surface/GFP+  graft surface ratio at  4,  7 and  14  days after transplantation  without 
delay  or  with  delay after the cortical lesion. A significant increase in transplant 
vascularization is observed at 4 days after transplantation with delay after the cortical 
lesion compared  with  no  delay  group.  Data are  presented as  group  means±SD and 
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asterisk indicates significant inter-group differences (Two-way ANOVA folowed by 
 ; **p<0,001 ; *p<0,05). 
 
Figure 3. Vascularization of the transplant. Low magnification photomicrographs of 
coronal sections ilustrating the immunolabeled CD31+ blood vessels (in red) in the 
GFP+ transplants (in green) at  4 days (A,B and  D,E), 7 days (G,H and J,K) and 14 
days (M,N and P,Q) after transplantation without delay (A,B; G,H and M,N) or with 
delay (D,E; J,K and  P,Q) after the cortical lesion.  High  magnification images from 
regions  of interest located inside the  graft showing immunolabeled  CD31+ blood 
vessels (in red) in the GFP+ transplants (in green) at 4 days (C,F), 7 days (I,L) and 14 
days (O,R) after transplantation without delay (C,I,O) or with delay (F,L,R) after the 
cortical lesion.  Cx: cortex.  Scale  bars: (A,B,D,E,G,H,J,K,M,N,P,Q)  480 m, 
(C,F,I,L,O,R) 10 m. 
 
Figure 4. The  origin  of the  blood  vessels in the transplant.  Low  magnification 
photomicrographs  of coronal sections showing the immunolabeled  CD31+  blood 
vessels (in red) in the transplants at 14 days after transplantation in the motor cortex 
of  GFP+  mice (in  green)  without  delay (A,B)  or  with  delay (D,E) after the cortical 
lesion.  High  magnification images from regions  of interest located inside the  graft 
showing the immunolabeled  CD31+  blood  vessels (in red) in the transplants at  14 
days after transplantation in the motor cortex of GFP+ mice (in green) without delay 
(C)  or  with  delay (F) after the cortical lesion.  The  data indicates that  when 
transplantation is performed immediately after the cortical lesion, the vascularization 
of the transplants depends mainly on the regenerated host blood vessels (arows). On 
the contrary, when transplantation is performed one week after the cortical lesion the 
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blood  vessels in the transplants  originate  both from  host (arows) and  donor 
(arowheads) blood vessels. Cx: cortex. Scale bars: (A,B,D,E) 500 m, (C,F) 100 m. 
 
Figure 5. Dynamic intravital imaging of vascular density inside the graft in acute or 
delayed  grafting conditions. (A-D)  Typical  bicolor  3D  projection images (grafted 
cels, green; blood supply, red) from images stacks of the entire window over a depth 
of  400microns.  Acquisitions  were  obtained either  4  days (D4)  or  7  days (D7)  post-
grafting at celular resolution. Doted square highlight the typical field of view of the 
microscope.  25 such fields  were stitched together to cover the  whole  window. 
Grafting had been performed either (A,B) immediately or (C,D) with one week delay 
from the  day  of cortical  damage.  Dark  holes (*)  were  often seen inside the  graft. 
Although  green areas  were  overal similarly  vascularized in  one  or  other condition. 
(E) Plot of vessel densities inside the graft for every mouse of the two groups imaged 
at  D4  or  D7.  Vessel  densities  were  not significantly  diferent  between the two 
conditions (P>0.1). (F-M)  Bicolor  high resolution images from regions  of interest 
located inside the graft. Coresponding blood vessels are presented separately in gray 
on each side. (G,I and K,M) Cels that had been grafted acutely remained away from 
blood vessels at al time (D7 & D14). (H,I) Cels that had been grafted with one week 
delay from the day of injury were found along blood vessels on D7. (L,M) On D14, 
the  density  of such cels  was increased, eventualy leading to  networks  of  perfused 
tubular structures.  Vessels  were thus at least  partialy composed  of  diferentiated 
grafted cels. Scale bars: (A-D) 400 m, (F-M) 100 m. 
 
Figure 6. Developmental time-course and growth characteristics of graft projections 
(A-H). Confocal photomicrographs of coronal sections showing the GFP+ (in green) 
UU^!
transplants and their axonal  projections.  Four  days after  grafting the transplanted 
cortical embryonic neuroblasts co-expressing DCX (in red) extend axons towards the 
adjacent  host cortex (A,B).  Seven  days after  grafting, transplanted  neuroblasts co-
expressing  DCX (in red) extend  numerous axons towards the  host ispilateral  motor 
cortex (C,D). When transplantation is performed immediately after the cortical lesion 
(C) few isolated  GFP+ fibers are found in the  underlying corpus calosum.  When 
transplantation is  performed  one  week after the cortical lesion (D) a  dense aray  of 
GFP+  bundles  of fibers extended through the  underlying corpus calosum to reach 
subcortical targets such as the ipsilateral striatum and/or the controlateral cortex. 
Fourteen days (E,F) and 3 month (G,H) after grafting numerous GFP+ positive fibers 
are found in the adjacent cortex, corpus calosum and  CPu.  Note that for al  motor 
cortex targets at al time points, the number of fibers is dramaticaly increased when 
the transplantation of the embryonic neurons is performed one week after the cortical 
lesion (B,D,F,H) compared with no delay group (A,C,E,G). cc: corpus calosum, CPu: 
caudate  putamen,  Cx: cortex,  LV: lateral  ventricle.  Scale  bars (A,B,E,F,H)  450 m, 
(C) 520 m, (D) 330 m, (G) 500 m. 
 
Figure 7. (A-I)  Axonal  projections  developed  by transplanted  neurons towards the 
cortical and subcortical  motor cortex targets.  High  magnification confocal 
photomicrographs of coronal sections showing  GFP+  grafted  neurons  projections 
towards the adjacent cortex, corpus calosum and  dorso-lateral striatum at  7  days 
(A,C) and 14 days (B,D) after transplantation without delay (A,B) or with delay (C,D) 
after the motor cortex lesion. After 14 days post-grafting, GFP+ fibers are also found 
within  distant subcortical  motor cortex targets such as the thalamus (E,F) and the 
internal capsule (G,H) and they have reached the spinal cord (I,J) after 3 month post-
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grafting.  The  density  of  projections  developed towards al the  motor cortex targets 
studied are strikingly increased when transplantation is performed one week after the 
cortical lesion (B,D,F,H,J) compared  with  no  delay  group (A,C,E,G,I). cc: corpus 
calosum, CPu: caudate putamen, Cx: cortex, ic: internal capsule, Pyx: pyramidal tract 
decussation, VL : ventrolateral thalamic nuclei. Scale bars: (A-H) 90 m, (I) 120 m. 
(J) Staircase test performance. Mean number (normalized with pre-surgical values) of 
pelets consumed  with the forepaw afected  by the lesion (controlateral)  during the 
total  post-operative sessions,  during the  3 first  weeks  post-operative sessions and 
during the  post-operative sessions from  3,5  weeks to  3  month. Neuronal 
transplantation tends to  protect from acute loss  of motor functions within the 3 first 
post-operative weeks, especialy when transplantation is performed one week after the 
cortical lesion.  Transplanted embryonic  neurons tendency to increase long term 
behavioural recovery  of  motor functions also tends to  be improved  when 
transplantation is  performed  one  week after the cortical lesion compared  with  no 
delay  group. These tendencies  did  not reach statistical significance. Data are 
presented as  means±SD and asterisk indicates a  diference  with the control group 
(Two-  ; 
























































































































52 %R1(BD-2%HC.+%H/-#*&S%%;C%,*)@-,*M'.K+'%E%/C)@-)%H'%,'D(D'+%+*(,0'+%/D()-/*@'.@'+%0(GC-.'+%/')G'@%DC%M2.2)C@-*.%H'%.'()*.'+%/I)CG-HC(A%/)2+'.@C.@%H'+%/)*/)-2@2+%0*H*D*M-T('+%H-F')+'+%'@%,*G/D'A'+?%!! X*! .(/$/9'*Z! *+'! %.*! +'9%$'%9*! $/.'*.#.'! )*! ./0K9*%Z! +/%+8'Y2*+!
+2($-M-3%*+! )*! $/..*Z-/.+! #G*$! &*+! #%'9*+! +'9%$'%9*+! $(9(K9#&*+R! D*.)#.'! &*!)(G*&/22*0*.'V!&#!9(H-/.#&-+#'-/.!)%!$/9'*Z!*+'!#$3%-+*!
!.*%9/.*+! 2%-+3%*! &*+! .*%9/.*+! )*+! $/%$B*+! 29/M/.)*+!+/.'! H(.(9(+! *.! 29*0-*9V! #G#.'! &*+! .*%9/.*+! )*+! $/%$B*+! +%2*9M-$-*&*+R! D*.)#.'!
./%G*&*+!M/.$'-/.+!('#.'!#22#9%*+!G-#!./'#00*.'!%.*!#%H0*.'#'-/.!)*!&#!)-G*9+-'(!
42/%9!9*G%*V!T&/c9Y!*'!#&RV!=>P>@R!! X#!H(.(9#'-/.!)*!.*%9/.*+!$/9'-$#%Z!-.!G-'9/!]!2#9'-9!)*!$*&%&*+!+/%$B*+!*'!&#!G#&-)#'-/.! )*! &*%9! 29/29-('(+! -.! G-G/! #29I+! '9#.+2&#.'#'-/.! /M9*! %.*! +/&%'-/.!#&'*9.#'-G*! ]! &#! '9#.+2&#.'#'-/.! )*! .*%9/.*+! *0K9Y/..#-9*+! *'! 2*90*'! &#!0/)(&-+#'-/.!)*!2B(./0I.*+!&-(+!#%!)(G*&/22*0*.'!/%!#%Z!2#'B/&/H-*+!$/9'-$#&*+R!! X#! H(.(9#'-/.! -.! G-'9/! )*! .*%9/.*+! $/9'-$#%Z! ]! 2#9'-9! )*! $*&%&*+! +/%$B*+!0%9-.*+!4F-9#a%!*'!#&RV!=>>kV!N#+2#9)!*'!#&RV!=>>kV!d)*H%$B-!*'!#&RV!=>P>@!*'!B%0#-.*+!4,B-! *'! #&RV! =>P=!l! _*.H! *'! #&RV! =>P>@! #! ('(! )($9-'*! 29($()*00*.'R! T*2*.)#.'V!+!/K'*.%+!]!2#9'-9!)*!$*&%&*+!8+2($-M-3%*! 9*+'*!0($/..%*R!!^#.)*9B#*HB*.! 4d.+'-'%'! )*! A*$B*9$B*+! *.! `-/&/H-*! W%0#-.*!*'! U/&($%&#-9*V!S.-G*9+-'(!X-K9*!)*!`9%Z*&*+V!.*%9/.*+! $/9'-$#%Z! -.! G-'9/! ]! 2#9'-9! )*! $*&%&*+! +/%$B*+! *0K9Y/..#-9*+!B%0#-.*+!4BF,T@! /%! 2&%9-2/'*.'*+! -.)%-'*+! 4BdD,T@! +*&/.! %.*! +(3%*.$*! 9*+2*$'#.'!&*+! ('#2*+!
UV^!
)*!&#!$/9'-$/H*.I+*!-.!G-G/V!2%-+!)*!G#&-)*9!&*%9!+2($-M-$-'(!2#9!'9#.+2&#.'#'-/.!-.'9#8$/9'-$#&*R!! X*+! BF,T! *'! BdD,T! /.'! ('(! $%&'-G(*+! )#.+! %.! 0-&-*%! )*! $%&'%9*! +#.+!*!M#-'!!-.B-K-'*%9! )*+! `UD!4K/.*! 0/92B/H*.*'-$! 29/'*-.@.*%9#&*R!)-M(9*.'*+!'*$B.-3%*+!)*!K-/&/H-*!0/&($%&#-9*V!*'!&*%9!M/.$'-/..#&-'(!#!('(!(G#&%(*!2#9! -0#H*9-*! $#&$-3%*! *'! 2#9! (&*$'9/2BY+-/&/H-*R! X*+! .*%9/.*+! $/9'-$#%Z! /K'*.%+!+%9*Z29-0#.'!&#!N"D!+/%+!&*!$/.'96&*!)%!29/0/'*%9!L#%!/.'!*.+%-'*!('(!H9*M(+!)#.+!&*!$/9'*Z!0/'*%9!)*!+/%9-+!./%G*#%8.(R!X*%9!)-M(9*.$-#'-/.!-.!G-G/!#!('(!('%)-(*!2#9!
2#9! G-+%#&-+#'-/.! )*+! M-K9*+! N"D{!*'! #! ('(! $/.M-90(! .*%9/#.#'/0-3%*!*'!M/.$'-/..*&*! )*+! .*%9/.*+! $/9'-$#%Z! H(.(9(+! -.! G-'9/! #! ('(! ('%)-(*! 2#9!0-$9/+$/2-*!(&*$'9/.-3%*!*'!*.!(&*$'9/2BY+-/&/H-*!+%9!'9#.$B*+!42#'$B!$&#02@R!! !
('%)*!0/.'9*.'!3%*!&#!$%&'%9*!-.!G-'9/!)*!BF,T!*'!Bd
UV_!
m
+/.'! +2($-M-3%*+! )*+! )-M(9*.'*+! $/%$B*+! )%! $/9'*Z!l! *'! &*%9! 0-+*! *.! 2&#$*! $/r.$-)*!(H#&*0*.'! #G*$! &#! +(3%*.$*! '*02/9*&*! )*! H(.(9#'-/.! )*+! )-M(9*.'*+! $/%$B*+!9*$*G#.'!)*+!29/\*$'-/.+!)*+!.*%9/.*+!'9#.+2&#.'(+!-.)-3%*!3%*!&*+!.*%9/.*+!H(.(9(+!'*.)*.'!G*9+!%.*!-)*.'-'(!)*! 'Y2*! g!$/9'*Z! G-+%*&!hR! F.M-.V! &*+! .*%9/.*+! '9#.+2&#.'(+! 29(+*.'*.'! )*+! -.)-$*+!
8$&#02R!F.! $/.$&%+-/.V! &#! $%&'%9*! )*! $*&%&*+! +/%$B*+! B%0#-.*+! +#.+! #\/%'! )*!0/92B/HI.*+! 2*90*'! &#! H(.(9#'-/.! +(3%*.'-*&*! )*+! .*%9/.*+! )*+! )-M(9*.'*+!
'9#.+2&#.'#'-/.! -.! G-G/!l!*'! &*+! .*%9/.*+! H(.(9(+! )(G*&/22*.'! )*+! 29/M-&+! )*!
9(+%&'#'+! /%G9*.'! #-.+-! )*! ./%G*&*+! 2*9+2*$'-G*+! )#.+! &*+! )/0#-.*+! )*! &#!0/)(&-+#'-/.!)*!2#'B/&/H-*+!$/9'-$#&*+!B%0#-.*+!*'!)*!&#!9(2#9#'-/.!$(9(K9#&*R!!!
NeuronArticle
Pyramidal Neurons Derived from HumanPluripotent Stem Cels Integrate Efﬁcientlyinto Mouse Brain Circuits In Vivo
Ira Espuny-Camacho,1Kimmo A. Michelsen,1David Gal,2Daniele Linaro,5Anja Hasche,1Je´roˆme Bonnefont,1Camilia Bali,1David Orduz,2Ange´line Bilheu,1Ade`le Herpoel,1Nele Lambert,1,8Nicolas Gaspard,1Sophie Pe´ron,4Serge N. Schifmann,2Michele Giugliano,5,6,7Afsaneh Gailard,4,*and Pierre Vanderhaeghen1,3,*1Universite´Libre de Bruxeles (U.L.B.), Institut de Recherches en Biologie Humaine et Mole´culaire (IRIBHM), and ULB Neuroscience Institute(UNI), B-1070 Brussels, Belgium2Laboratory of Neurophysiology and ULB Neuroscience Institute (UNI)3WelbioUniversite´Libre de Bruxeles (U.L.B.), B-1070 Brussels Belgium4INSERM U-1084, Experimental and Clinical Neurosciences Laboratory, Celular Therapies in Brain Diseases group, University of Poitiers,F-86022 Poitiers, France5Theoretical Neurobiology and Neuroengineering Laboratory, Department of Biomedical Sciences, University of Antwerp,B-2610 Wilrijk, Belgium6Laboratory of Neural Microcircuitry, Brain Mind Institute, Swiss Federal Institute of Technology (EPFL), CH-1015 Lausanne, Switzerland7Department of Computer Science, University of Shefﬁeld, Shefﬁeld S102TN, UK8Medical Genetics Department, Universite´Libre de Bruxeles, Hoˆpital Erasme, B-1070 Brussels, Belgium*Corespondence:afsaneh.gailard@univ-poitiers.fr(A.G.),piere.vanderhaeghen@ulb.ac.be(P.V.)htp:/dx.doi.org/10.1016/j.neuron.2012.12.011
SUMMARY
The study of human cortical development has majorimplications for brain evolution and diseases but hasremained elusive due to paucity of experimentalmodels. Here we found that human embryonic stemcels (ESCs) and induced pluripotent stem cels(iPSCs), cultured without added morphogens, reca-pitulate corticogenesis leading to the sequentialgeneration of functional pyramidal neurons of al sixlayer identities. After transplantation into mouseneonatal brain, human ESC-derived cortical neuronsintegrated robustly and established speciﬁc axonalprojections and dendritic paterns correspondingto native cortical neurons. The diferentiation andconnectivity of the transplanted human corticalneurons complexiﬁed progressively over severalmonths in vivo, culminating in the establishment offunctional synapses with the host circuitry. Ourdata demonstrate that human cortical neuronsgenerated in vitro from ESC/iPSC can developcomplex hodological properties characteristic ofthe cerebral cortex in vivo, thereby ofering unprece-dented opportunities for the modeling of humancortex diseases and brain repair.
INTRODUCTION
The cerebral cortex is a complex celular mosaic containingdozens of neuronal subtypes that display speciﬁc connectivitywith the rest of the brain and thereby subserve highly diverseand elaborate functions.
Pyramidal neurons constitute more than 80% of corticalneurons and are further diversiﬁed in distinct cortical layers toestablish speciﬁc paterns of axonal output and dendritic input,providing the essential substrate of cortical circuitry (Hevner,2006;Molna´r and Cheung, 2006;Molyneaux et al., 2007). Forinstance, layer VI neurons send their main projections to thethalamus, while most projections to midbrain, hindbrain, andspinal cord emerge from layer V neurons. Neurons from layerI/II, together with a subset of neurons from layer V, contributeto most intracortical projections, including the calosal projec-tions to the contralateral cerebral hemisphere. In paralel, thecortical surface is parcelated into functional areas displayingmodality-speciﬁc paterns of connectivity with the rest of thebrain, such that, for instance, motor cortex wil connect preferen-tialy with thalamic and hindbrain motor nuclei and spinal cord,whereas visual cortex wil project to visual centers in thalamusand midbrain (O’Leary and Sahara, 2008;Sur and Rubenstein,2005;Vanderhaeghen and Poleux, 2004).The cortex has undergone considerable complexiﬁcationduring recent primate evolution, characterized by an increasein the number and diversity of cortical neurons, additionalcortical areas, and a relative expansion of cortical thickness(Hil and Walsh, 2005;Lui et al., 2011;Rakic, 2009). This evolu-tion is probably linked to diferences in the developmentalfeatures of corticogenesis (Bystron et al., 2008;Fish et al.,2008;Lui et al., 2011). These include longer phases of expansionof early cortical progenitors and prolonged periods of neurogen-esis, taking several months in the human to alow the generationof many more cortical neurons (Bystron et al., 2006;Cavinesset al., 1995;Rakic, 2009). In addition, late aspects of corticalneuronal diferentiation, such as dendritic and synaptic matura-tion, are also protracted in time, and this neoteny may conferhigher postnatal plasticity to the developing human brain (Defe-lipe, 2011;Petanjek et al., 2011).
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Despite recent progress (Lui et al., 2011), the study of human-speciﬁc aspects of brain development has remained difﬁcult.The advent of pluripotent stem cels, including embryonicstem cels (ESCs) and induced pluripotent stem cels (iPSCs)ofers new opportunities to model human neural developmentand diseases (Dolmetsch and Geschwind, 2011;Han et al.,2011;Marcheto et al., 2010;Zhang et al., 2010). Directed difer-entiation of cortical neurons was previously described frommouse ESC (Eiraku et al., 2008;Gaspard et al., 2008). We re-ported the directed diferentiation of mouse ESC into corticalneurons cultured without any morphogen (Gaspard et al.,2008,2009), thus recapitulating the in vivo primitive pathwayof forebrain induction (Wilson and Houart, 2004). After graftingin neonatal mouse brain, mouse ESC-derived cortical pyramidalneurons sent projections similar to those of the host cortex,providing demonstration of their cortical identity (Gaspardet al., 2008).Although the generation of pyramidal neurons was also re-ported from human ESC/iPSC (Eiraku et al., 2008;Li et al.,2009;Shi et al., 2012;Zeng et al., 2010), it has remained unclearwhether the mouse intrinsic pathway, folowed in the absence ofexogenous morphogens, was conserved in human cels.Besides, and most importantly, the exact identity of the humanESC-derived neurons generated has remained uncertain, sincecardinal hodological features of cortical neurons, such as theirpaterns of axonal and dendritic projections, have never beentested by in vivo grafting.Here, we show that the major halmarks of corticogenesis canbe recapitulated from human ESC and iPSC in the absence ofadded morphogens, up to the sequential generation of functionalpyramidal neurons of diverse layer identities. After grafting in themouse neonatal brain, human ESC-derived cortical neuronsdisplayed robust and speciﬁc paterns of axonal projectionsand dendritic outgrowth and integrated functionaly with thehost synaptic circuitry, after a human-speciﬁc timeline. Thisenables the study of human cortex development and diseasesin an in vivo context.
RESULTS
An Intrinsic Pathway from Human ESC/iPSC to CorticalPyramidal NeuronsTo determine whether the mouse ESC intrinsic pathway of corti-cogenesis (Gaspard et al., 2008) was conserved in human ESC,we adapted default culture conditions (Gaspard et al., 2009)toalow human cels to survive without added morphogens (seeExperimental Proceduresfor details), supplemented with bonemorphogenic protein (BMP) inhibitor Noggin to increase therate of neural induction from human ESC and iPSC (Chamberset al., 2009;Pera et al., 2004). Over 10–19 days in vitro (DIV),human ESC mostly diferentiated into Nestin-positive neuralprogenitors that coexpressed Pax6 and Otx1/2, consistentwith the identity of early dorsal forebrain primordium (Inoueet al., 2000;Walther and Gruss, 1991)(Figures 1A and 1B andseeFigure S2B available online). Quantitative RT-PCR (qRT-PCR) analyses revealed the gradual appearance of markers ofneural progenitor (SOX1/BLBP) and of cortical identity (OtX1/EMX1/EMX2/FOXG1/PAX6/TBR2/TBR1)(Figures 1C and 1D,
Figure S2A). This paternof regional identity was further investi-gated by microaray gene proﬁling experiments, in which thetranscriptome of early diferentiating cortical-like cels (24 DIV)was compared with those of undiferentiated human ESC andof human embryonic dorsal telencephalon at 9 gestationalweeks (GWs). This revealed a strong upregulation of genes cor-responding to telencephalon and/or cortical identity (He´bert andFishel, 2008) during ESC-cortical diferentiation, in strikingsimilarity with the patern of expression of the fetal corticalsamples (Figure S2H). Conversely, the expression of markersof more caudal neural regions remained low in the hESC-derivedneural cels as wel as in the cortical human samples.Notably, this robust telencephalic and/or cortical inductionwas only obtained after long (16 day) treatments with Nogginin vitro, as shorter treatments resulted in induction of genes cor-responding mostly to diencephalon (IRX3/GBX2)(Figures 1Cand 1D). Similar paterns of forebrain and/or cortical inductionwere obtained from diferent lines of ESC and iPSC (generatedin this study;Figures S1andS2C–S2G). Interestingly, unlike inmouse ESC corticogenesis (Gaspard et al., 2008), the inductionof cortical identity did not require the inhibition of the SonicHedgehog (SHH) pathway, as previously reported (Li et al.,2009). Indeed, while SHH treatments resulted in expectedventral forebrain fates, cyclopamine (an inhibitor of SHH) didnot result in signiﬁcant changes in progenitor identity (Figure S3).These data show that in the absence of added morphogens butin the prolonged presence of the BMP inhibitor Noggin, humanpluripotent stem cels efﬁciently convert to a population of neuralprogenitors that mostly corespond to a cortical identity.We next assessed the identity, maturation, and functionality ofthe neurons generated from these progenitors. The majority ofthebII-tubulin-positive neurons expressed the vesicular gluta-mate transporters 1/2 (VGLUT1/2) (Figures 1E and 1H) and dis-played a unipolar and pyramidal morphology index (PMI) (Handet al., 2005) coresponding to cortical glutamatergic pyramidalneurons (Figures 1F and 1G). After more than 2 months in culture,the neurons expressed markers of functionality, such as thepresynaptic marker synaptophysin and the postsynaptic markerHOMER 1 (Figures 1I and 1J). Neuronal maturation duringthe human ESC-diferentiation was further assessed by microar-ray proﬁling, in which the transcriptomes of ESC-deriveddiferentiating cortical-like cels were compared with those ofundiferentiated ESC and samples of human embryonic dorsaltelencephalon at 9 GW and dissected cortical plate (thus con-taining mostly neurons) at 19 GW (Figure 1K). This revealeda gradual upregulation of genes typicaly expressed in matureneurons (htp:/cbl-gorila.cs.technion.ac.il), culminating after61–72 DIV, according to a patern that is intermediate betweenthose observed for human fetal cortical samples at 9 and 19GW (Figure 1K;Tables S2andS3).We next determined more directly the functionality of theneurons, ﬁrst by calcium imaging, which demonstratedspontaneous calcium waves that were blocked by tetrodotoxin(TTX) (Figure S4A andMovie S1). To conﬁrm and characterizethe functional maturation of ESC-derived neurons withtime, we performed patch-clamp recordings, focusing on theevolution of passive membrane properties, excitability, andsynaptic curents. This revealed a temporal evolution in the
NeuronCorticogenesis from Human Pluripotent Stem Cels
Neuron77, 440–456, February 6, 2013ª2013 Elsevier Inc. 441
Figure 1. Default Generation of Functional Cortical Pyramidal Neurons from Human ESC/iPSC(A and B) Immunoﬂuorescence staining for early forebrain primordium markers Nestin/Pax6 (A) and Nestin/Otx1/2 (B), after 19 days of diferentiation.(legend continued on next page)
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electrophysiological properties of the cel population, withincreased proportion of cels displaying induced repetitive ﬁringand spontaneous synaptic curents (excitatory postsynapticcurents [EPSCs]) and, conversely, a reduced proportion of celsshowing immature induced single action potentials (Figures 1L–1N,Figure S4, andTable S1). At the single cel level, we alsoobserved an increase in the intensity of the voltage-dependentsodium curent and in the amplitude of action potentials (FiguresS4B–S4E andTable S1).Altogether, these data demonstrate that human ESC-derivedneurons gradualy acquire in vitro al characteristic functionaland morphological features of cortical pyramidal neurons.
A Species-Speciﬁc Sequence of Generation ofPyramidal Neurons of Diverse Layer IdentitiesPyramidal neurons can be further subdivided by a repertoire ofmolecular markers identifying layer-speciﬁc neuronal popula-tions (Gaspard and Vanderhaeghen, 2011;Molyneaux et al.,2007)(Figure 2J). Neurons from diferent layers are generatedat distinct time points, where the earliest-born neurons gener-ated in the cortex are pioneer neurons, folowed by deep corticallayers VI and V, then by upper layers IV, and lastly layers I/II. Totest whether a similar process occured during corticogenesisfrom human ESCs, we determined the timing of onset of expres-sion of layer-speciﬁc markers during the course of diferentia-tion. The ﬁrst neurons generated appeared around days 10–16in culture (less than 1% of al cels) (Figure 2I,Figure S5P) andwere positive for TBR1, calretinin, and reelin (markers of pioneerand Cajal-Retzius neurons) (Figures 2A, 2B, and 2I–2K). Later on,from around 40 DIV (a stage where 40% of the cels are neurons)(Figure 2I,Figure S5P), the proportion of TBR1-positive neuronskept increasing, while the proportion of calretinin neuronstended to decrease steadily (Figure 2I), suggesting that themajority of TBR1-positive/calretinin-negative neurons core-spond to deep layer neurons VI and V (Figures 2I and 2J). This
was consistent with the appearance of FOXP2-positive andTBR1/CTIP2 double-positive neurons (layer VI) (Figures 2C, 2I,and 2J,Figures S6A–S6F) at 24–28 DIV, folowed by CTIP2-posi-tive neurons (layer V) at 37 DIV (Figures 2D and 2I–2K). Finaly,SATB2-positive neurons, coresponding to calosal neuronsfrom layers V and upper layer neurons, and CUX1/BRN2-positiveneurons, coresponding to upper layer neurons, started toappear at the latest time points in culture (61–72 DIV) (Figures2E–2G and 2I–2K). In addition, deep layer marker genes likeFOXP1 and ETV1 were expressed from day 16 and displayedreduced expression from 61 DIV, at the onset of upper layerneuron generation (Figure 2K). Notably, there appeared to bea preferential bias toward the generation of deep layer fatedneurons in the system, while upper layer neurons remained atlow levels compared with the cortex generated in vivo, similarlyto what we previously found during mouse ESC-derived cortico-genesis (Gaspard et al., 2008).Several other ESC and iPSC lines displayed a similar temporalpatern of neurogenesis, resulting in a comparable repertoire ofneurons displaying diverse layer-speciﬁc paterns of identity(Figures S6G–S6K).The repertoire of neuronal identity was further examined ata broader level using microaray proﬁling, focusing on 78 previ-ously documented layer-speciﬁc genes (Bedogni et al., 2010;Molyneaux et al., 2007;Zeng et al., 2010). This revealed thatmost layer-speciﬁc genes were upregulated during hESC-corticogenesis, and their overal patern appeared to be interme-diate between those observed for human cortex samples at 9and 19 GW, coresponding to most deep layer and a fractionof upper layer markers (Figure S7).Corticogenesis from human ESC/iPSC thus folowsasimilartemporal sequence as from mouse ESC (Gaspard et al., 2008),but it extends over a period of time that is much more protracted(over 80 DIV instead of 20), strongly reminiscent of the extendedtiming of corticogenesis occuring in vivo in the human species
(C) qRT-PCR analysis of human ESC-derived neural progenitors in culture. Data are shown as relative amount of mRNA compared to the values at day 5 ofdiferentiation, as value 1 ± SEM (fold change) (n = 3–7).(D) qRT-PCR analysis of the ESC-derived progenitors at day 19 of diferentiation, after 8 or 16 days of treatment with noggin. Data are shown as relative amount ofmRNA compared to the values of noggin 0–8 treatment, as value 1 ± SEM (fold change) (n = 3).(E) Top: quantiﬁcation of the proportion of ßII-tubulin-positive neurons expressing VGlut1 (days 44 and 72), VGAT (day 44), GAD67 (day 44), TH (day 44), andChAT (day 44). Mean ± SEM (n = 2 experiments). Botom: qRT-PCR analysis of the expression of Vglut1 and Vglut2 after 24, 44, 61, and 72 days of diferentiation.Data are shown as relative amount of mRNA compared to the values of day 24, as value 1 ± SEM (fold change) (n = 3).(F) Top: proportion of neurons displaying a pyramidal morphology index (PMI) above the cutof of 1.2. Mean ± SEM (n = 3). Botom: proportion of neuronsdisplaying pyramidal, bipolar, or multipolar morphology. Mean ± SEM (n = 3 experiments).(G) Immunoﬂuorescence of ESC-derived neurons expressing MAP2 at day 72.(H) Immunoﬂuorescence staining of ESC-derived neurons after 72 days of diferentiation for ßII-tubulin (in green) and VGlut1 (in red). Magniﬁcation view of VGlut1is depicted on the right botom corner.(I and J) Immunoﬂuorescence staining at day 82 of ESC-derived neurons for ßII-tubulin (in green) and synaptophysin (in red) (I) and HOMER1 (in red) (J).Magniﬁcation views of Syn and Homer1 are depicted on the right botom corner.(K) Heatmap analysis showing the normalized expression of pyramidal neuronal maturation genes in two samples of undiferentiated H9 ESC at day 0 (s1, s2), twosets of cels diferentiated for 24, 44, and 61–72 DIV (s1, s2), and two samples from human embryonic cortex at 9 and 19 gestational weeks (9/19 GW) (s1, s2). Top:legend showing color code for comparative levels of expression.(L) Representative traces of evoked (left) and spontaneous (right) action potentials from curent-clamp recordings in ESC-derived neurons after 50–60 days ofdiferentiation.(M) Two examples of excitatory spontaneous synaptic curents (EPSCs) recorded in ESC-derived neurons after 50 days in culture, inhibited by the application ofAPV and CNQX (right, below) (NMDA and AMPA receptor antagonists).(N) Graph showing the proportion of cels displaying EPSCs, spontaneous AP, induced single AP, and repetitive AP among cels with Na curent at days 38–65 anddays 68–82. Mean ± standard eror of the proportion (SEP) (days 38–65 n = 61, days 68–82 n = 16) (t test, ***p < 0.001, *p < 0.05). Scale bars represent 50mmin(A and B) and in left of (H–J) and 25mm in right of (H–J).
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Figure 2. Sequential Generation of Human Pyramidal Neurons of Diverse Layer Identities In Vitro and after In Vivo Grafting(A–I) A repertoire of distinct cortical neuronal and nonneuronal subtypes present after 72–82 days of diferentiation. Markers (in red) calretinin (CalR) (A), TBR1 (B),FOXP2 (C), CTIP2 (D), SATB2 (E), CUX1 (F), and BRN2 (G) are al present in a proportion of ßII-tubulin neurons (in green).
(legend continued on next page)
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(Lui et al., 2011;Rakic, 1995). To test further the signiﬁcanceof these observations, we compared directly mouse and humanESC corticogenesis in identical conditions. Mouse andhuman ESC were cultured folowing the protocol optimized forhuman cels, both in the presence of cyclopamine to alowful dorsal speciﬁcation of the mouse ESC-derived progenitors(Gaspard et al., 2008) (while cyclopamine was found to have noefect in the human system;Figure S3). Whereas the identity ofearly cortical progenitors was comparable between mouse andhuman at early and later stages (Figures S5A–S5C and data notshown), the appearance of BLBP-positive neurogenic radial glialcels and neurons were much delayed in the human cultures(Figures S5D–S5I and S5P). Moreover, while mouse corticalneurons of al layer identities were generated sequentialy over20 DIV, at the same stage only early pioneer TBR1-positiveneurons could be detected from human ESC (Figures S5J–S5O).Overal these data indicate that in vitro cortical neurogenesis fromhuman pluripotent stem cels is delayed and prolonged whencompared to the mouse, thus mimicking the prolonged timelineof human corticogenesis (Lui et al., 2011;Rakic, 1995).
Human ESC-Derived Cortical Cels Engraft Robustly andMature Folowing a Species-Speciﬁc Timeline in MouseNewborn CortexThe identity of a neuron is best atested by its hodological prop-erties, and this is particularly important for cortical neurons,which display distinct paterns of axonal projections dependingon their layer and/or areal identity.To test this prominent aspect of cortical neuronal identity,we undertook grafting experiments in neonatal mice, a wel-characterized paradigm to assess the hodological propertiesof projection neurons (Gailard et al., 1998). For this purpose,we generated a human ESC line expressing green ﬂuorescentprotein (GFP) ubiquitously. GFP-positive hESCs were ﬁrst difer-entiated into cortical-like cels for 24 DIV, then grafted into thefrontal cortex of mouse neonates, and analyzed after up to 9/10 months postransplantation (mpt).Most of the grafts were located underneath or within the frontalcortex, with most of the GFP-positive cels remaining conﬁnedwithin the graft (Figures 3A and4A). No evidence for teratomaformation was found 6–9 mpt (data not shown). Importantly,the human GFP-positive cels expressed in al cases a speciﬁchuman nuclear antigen and showed no evidence of graft-to-host fusion (such as binucleated GFP cels) (Figures S8A–S8C).The grafts mainly consisted of neurons, as shown by the GFP/ßII-tubulin double-positive cels at 1/2 mpt and GFP/MAP2 at 6mpt (Figures S8D–S8I,S9A and S9B), with some Nestin-positive
progenitors stil present at 1–2 mpt (data not shown). The graftedneurons were positive for the telencephalic marker FOXG1(Figures S9A and S9B) and displayed appropriate molecularmarkers coresponding to cortical pyramidal neurons of diferentlayer identities (Figure S9). This led us to test whether thetemporal patern observed in vitro was also present after in vivografting. We ﬁrst observed that, while markers coresponding todeep layer neurons (TBR1, FOXP2, and CTIP2) could bereadily detected after 1 mpt, the upper layer marker SATB2was detectable in grafted neurons only at 2 mpt (Figures S9Aand S9B). We next performed BrdU nuclear labeling experimentsin the grafted mice to determine the date of birth of neuronsof distinct layer identity. This analysis revealed that BrdU-labeled neurons that were born early (4 days after grafting)coresponded mostly to TBR1- or CTIP2-positive deep layerneurons, while those born later (51 days after grafting) core-sponded mostly to SATB2-positive calosal and/or upper layerneurons (Figures 2L–2P). In addition, we found signiﬁcant coex-pression of TBR1 and CTIP2 (as found in vivo;McKenna et al.,2011)(Figures S6E and S6F) but largely mutualy exclusiveexpression of SATB2 and CTIP2 in the human ESC-derivedtransplanted neurons (as found in vivo;Alcamo et al., 2008),further indicating that distinct cortical neuron populations aregenerated sequentialy, even after in vivo transplantation intothe mouse (Figures S9C and S9D).
Human ESC-Derived Cortical Neurons Project toLayer-Speciﬁc TargetsWe next examined the axonal projections of the grafted neuronsafter 1–6 months and compared themwithknown endogenouspaterns of projection of native cortical projection neurons.GFP-positive ﬁbers were detected along the external capsuleand corpus calosum, up to the ipsilateral and contralateralcortex (Figures 3A, 3C, and 3F and4A and 4B). GFP-positiveaxons coresponding to subcortical projections were also de-tected along the internal capsule and cerebral peduncles andreached subcortical targets in the striatum, thalamus, midbrain,and hindbrain (Figures 3A, 3B, 3D, 3E, 3G, and 3H and4A and4C–4F). The patern of axonal projections was cortex speciﬁc,i.e., graft-derived axons did not signiﬁcantly innervate brainregions that are not targets of cortical neurons, such as substan-tia nigra or cerebelar structures (Figure 4M). Moreover, itconﬁrmed the presence of neurons of diverse layer identitieswithin the grafted cels, with projections to the thalamus (targetof layer VI), striatum, midbrain/hindbrain (targets of layer V),and ipsi- as wel as contralateral cortex (targets of layer I/II/V)(Figures 3and4).
(H) Immunodetection of astrocytes expressing GFAP (in red) and neurons expressing ßII-tubulin (in green) after 82 days of diferentiation.(I) Time course of the proportion of cels expressing markers of progenitors (TBR2), neurons (ßII-tubulin), and diferent layer-speciﬁc markers among the neuronsafter ESC diferentiation. Mean ± SEM (n = 2–4 experiments).(J) Scheme depicting paterns of the layer-speciﬁc markers in vivo.(K) qRT-PCR analysis showing the evolution in time of the expression of layer-speciﬁc markers. Data are shown as relative amount of mRNA compared to thevalues of day 16 as value 1 ± SEM (fold change) (n = 2–4).(L–O) Immunoﬂuorescence images of BrdU-labeled cels (in red) and Tbr1 (in green) (L and N) or Satb2 (in green) (M and O) in mice BrdU injected at P4 andanalyzed at P61 (L and M) or BrdU injected at P51 and analyzed at P61 (N and O). Arows show colocalization of the two markers, and arowheads show celsexpressing only BrdU.(P) Quantiﬁcation of the proportion of Tbr1-, CTIP2-, or Satb2-positive cels among the BrdU-positive population 61 days after grafting, pulse chased 4 or 51 daysafter grafting. Mean ± SEM (n = 80–100 neurons). Scale bars represent 50mm.
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Quantiﬁcation of the projections at 1–6 months revealedan increase in the percentage of animals with far-reachingprojections (in the midbrain and hindbrain including the pyra-
midal tract) (Figure S8L), as wel as in the number of total axonalprojections (Figures 4G–4J). Interestingly, the later was mostprominent when examining targets of late-generated neurons,
Figure 3. Human ESC-Derived Cortical Neurons Integrate and Send Cortical-like Axonal Projections after Grafting in Newborn Mouse Cortex(A) Camera lucida drawing of the patern of axonal projections 2 months after grafting. T, transplant. Abbreviations according toPaxinos and Franklin (1997).(B–H) GFP-positive axonal projections detected by immunoﬂuorescence in various brain structures 2 months after grafting. Fibers in the striatum (CPu) (B),corpus calosum (C), and internal capsule (IC) (D).(E) Fibers enter the thalamus via the reticulate thalamus (Rt) and reach the ventral lateral geniculate (vLG), dorsal lateral geniculate (dLG), and lateroposteriornuclei (LP) and, to a lesser extent, the ventrobasal/-posterior (VB) and posterior (Po) nuclei. eml, external medulary lamina.(F–H) Fibers in the contralateral cortex (F), superior coliculus (SC) (G), and the pyramidal tract (Pyr) (H). EC, external capsule; hpc, hippocampus; IC, internalcapsule; LV, lateral ventricle; st, stria terminalis. Scale bars represent 2 mm in (A) and 100mm in (B–H).
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such as the striatum, midbrain/hindbrain (target of layer V), andcontralateral cortex (target of layers I/II/V) (Figures 4G–4J).This time-dependent patern of axonal projections is consistentwith the sequential generation of these neurons, observedin vitro and in vivo from human ESC.Finaly, we looked at the direct relationship between paternsof axonal projections and expression of selective transcriptionfactors, a striking feature of cortical projections neurons (Moly-neaux et al., 2007). For instance, CTIP2-positive neurons mostlycorespond to layer V corticofugal neurons that target themidbrain, hindbrain, and spinal cord, while layer VI TBR1-positive neurons project mostly to the thalamus. We performedretrograde tracing experiments in animals 9 months after graft-ing, targeting the thalamus or the midbrain superior coliculus,combined with immunostaining of the retrogradely labeledgrafted neurons, and compared their paterns with those of thehost cortical neurons (Figure 5). Remarkably, this revealed thatmost (70%) of the grafted neurons retrogradely labeled fromthe thalamus were found to be TBR1 positive, while fewer(<30%) were CTIP2 positive, like layer VI host neurons (Figures5A–5E). In contrast, most (>80%) of the grafted neurons thatwere retrogradely labeled from the midbrain were CTIP2positive, while fewer (<35%) were TBR1 positive, as wasobserved for layer V host neurons (Figures 5A, 5B, and 5F–5H).While these data conﬁrm the robustness of the axonal paternsof the grafted neurons, they also indicate that the expressionof speciﬁc transcription factors is corelated with paterns ofaxonal projections of the grafted neurons, as for genuine corticalprojection neurons.
Human ESC-Derived Cortical Neurons Project toArea-Speciﬁc TargetsWe next examined the areal speciﬁcity of axonal projections,whereby projection neurons of distinct areas target diverse brainstructures, such as visual nuclei for the visual cortex or pyramidaltract for motor cortex. Similar grafting experiments with mouseESC-derived cortical neurons revealed speciﬁc paterns ofprojections, coresponding mostly to visual and limbic identity(Gaspard et al., 2008). Interestingly, quantitative examination ofthe human graft-derived axonal projections 2 mpt revealeda patern that was also indicative of visual or limbic identity,with projections to visual and limbic targets in the thalamus(LG/LP/LD), dorsomedial (DM) striatum, and midbrain (SC/PAG) (Figures 3and4G–4L). However, at 6 mpt, the projectionsdisplayed a much broader patern of areal identity, with axonsreaching motor targets such as dorsolateral striatum (DL) andthe pyramidal tract or somatosensory targets such as thesomatosensory VB and Po nuclei (thalamus) (Figures 4A–4L).Consistent with a broader patern of cortical areal identity at laterstages, the visual or limbic cortex marker COUP-TFI was prom-inently expressed among the grafted neurons at 2 mpt but wasmuch less prevalent in later generated neurons at 6–9 mpt(Figures S8J and S8K).
Human ESC-Derived Neurons Display ElaboratePatterns of Dendritic Outgrowth and SynaptogenesisPyramidal neurons also display speciﬁc paterns of dendriticorientation, growth, and targeting (Barnes and Poleux, 2009).
This important aspect of maturation and complexity could notbe addressed for the majority of neurons, located within thebulk of the graft. However, in every case examined, a smalnumber of neurons could be found outside of the graft, manyof which had setled within the host cortex (Figure 6). Most ofthese neurons displayed a pyramidal morphology, with onelarger apical dendrite oriented radialy within the cortex (Figures6A and 6B). When examined from 3 weeks to 2 mpt, theydisplayed relatively simple and immature paterns of dendriticgrowth (Figures 6A–6D). However, this patern complexiﬁeddramaticaly with time (Figures 6A–6F), and at 9 mpt mostneurons examined displayed elaborate dendritic growth andbranching, highly reminiscent of mature pyramidal neurons(Figures 6F and 6G). Moreover, closer inspection of the dendritesrevealed the presence of numerous dendritic spines (Figure 6H),suggesting that active synaptogenesis had taken place. Indeed,markers of glutamatergic neurons and pre- and postsynapticcomponents were abundantly detected in the graft (Figures7A–7C). Electron microscopy combined with GFP immunolabel-ing conﬁrmed the presence of numerous synapses from thegrafted neurons to the host after 6 months, including at subcor-tical targets (Figures 7D–7F). Reciprocal synapses from the hostto the grafted neurons were also observed (Figure 7G),andinnervation of the graft by thehost thalamus was conﬁrmed byanterograde tracing (Figure 7I). This analysis also revealedGFP-positive ﬁbers myelinated by the host, providing furtherindication of ful integration in the host brain (Figure 7H).
Human ESC-Derived Neurons Are FunctionalyIntegrated into the Mouse Cortical MicrocircuitryWe then analyzed the functionality of human ESC-derivedneurons integrated into the mouse cortex, using patch-clamprecordings on ex vivo brain slices acutely obtained from trans-planted mice at 9 mpt (Figure 8). Strikingly, we found that alhuman neurons examined (n = 9, from 3 transplanted mice) dis-played passive membrane properties and excitability typical ofmature cortical neurons, with most of them (n = 8/9) displayinga regular accommodating ﬁring patern, characteristic of pyra-midal neurons (Figures 8A–8C) (McCormick et al., 1985). Wenext assessed the incoming synaptic connectivity of the trans-planted neurons. We ﬁrst observed that al recorded neuronsdisplayed at rest consistent spontaneous synaptic potential(PSP) occurence, which could be blocked by glutamatergicreceptor antagonists (CNQX and AP-V) (Figures 8D–8F), indi-cating the integration of ESC-derived neurons into glutamatergiccircuits (Figures 8D–8F). Moreover and most strikingly, we testedthe evoked responsiveness of the transplanted human neuronsupon a train of extracelular electrical stimulations at a distanceof the graft within the mouse host cortex. This evoked robustsynaptic responses in al tested neurons that coresponded toglutamatergic and GABA-ergic inputs (Figures 8G and 8H),with short-term plasticity proﬁles common in cortical microcir-cuits (Reyes and Sakmann, 1999;Wang et al., 2006).
DISCUSSION
The mechanisms underlying human cortex development havemajor implications in neurobiology and neurology, but their study
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Figure 4. Maturation of the Pattern of Axonal Projections of ESC-Derived Neurons(A) Camera lucida drawing of the patern of axonal projections 6 months after grafting. T, transplant. Abbreviations according toPaxinos and Franklin (1997).(legend continued on next page)
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has remained difﬁcult due to limited experimental accessibility tohuman fetal brain material. Here, we show that human cortico-genesis from ESC and iPSC leads to a colection of functionalneurons that display most salient features of native pyramidalneurons, including gene expression, morphology, physiology,and, most importantly, hodological properties assessed in vivoby robust and speciﬁc paterns of axonal and dendriticoutgrowth and functional synaptic integration in the hostcircuitry.The generation of cortical-like neurons was previously re-ported from human ESC and iPSC (Eiraku et al., 2008;Li et al.,2009;Shi et al., 2012;Zeng et al., 2010). However, since theseprotocols used cel aggregate cultures and/or added morpho-gens, it had remained unclear whether the intrinsic pathwayuncovered in mouse (Gaspard et al., 2008) was conserved inhuman cels. Here, we report the robust diferentiation of humanESC and iPSC into cortical neurons, folowing a monoadherentculture condition in a chemicaly deﬁned medium devoid ofadded morphogens. While these data indicate that the absenceof morphogens appears to be critical for both mouse and humanESC corticogenesis, there are also interesting and importantdiferences between the two species, such as the required useof SHH antagonists in the mouse and of BMP antagonists inthe human cels. In addition and most strikingly, the two systemsdifer greatly by their temporal appearance, which could be remi-niscent of the in vivo temporal diferences between the twospecies.A highly conserved feature of cortical neuron speciﬁcation istemporal paterning, whereby neurons of distinct layer identityare generated sequentialy (Gaspard and Vanderhaeghen,2011;Leone et al., 2008;Molyneaux et al., 2007;Okano andTemple, 2009). We observed a similar temporal paterningfrom human ESC and iPSC in vitro and, most strikingly, evenafter intracerebral grafting in vivo. Notably, like in the mouseESC-derived corticogenesis, most of the pyramidal neuronsgenerated here in vitro display an identity coresponding todeep layers, while upper layer neurons are underepresentedwhen compared to the in vivo situation. This contrasts witha recent report describing the generation of deep and upperlayer neurons in equivalent proportions, from human ESCcultured in the presence of retinoic acid precursors (Shi et al.,2012). Moreover, we observed a higher proportion of upperlayer neurons after transplantation than after purely in vitroconditions, while the generation of deep layer neurons appearedto be similarly efﬁcient in vitro and in vivo. Overal, this couldsuggest that extrinsic cues, which are not added in our minimum
culture conditions and might be present in the neonatalmouse cortex, may be required for proper upper layer neuronspeciﬁcation.The identity of cortical neurons can be best atested by theirhodological properties, such as their paterns of axonal anddendritic projections. Our grafting experiments revealed robustand speciﬁc axon targeting to brain regions normaly innervatedby cortical neurons, as wel as dendritic paterns corespondingto those of native pyramidal neurons, including the presence ofdendritic spines. In addition, the grafted neurons appeared tocorespond to a diverse repertoire of cortical neurons, as as-sessed by their patern of axonal projections that corespondedto al cortical layers, which could be corelated with layer-speciﬁc gene expression. These data reveal a robust corelationbetween molecular and hodological properties of the graftedneurons, even for noncortical or mouse cels.On the other hand, human ESC-derived cortical neurons dis-played area-speciﬁc paterns of projections. We previouslyfound that mouse ESC-derived neurons displayed speciﬁcpaterns of axonal projections coresponding to visual andlimbic occipital cortex (Gaspard et al., 2008). A similar axonalpatern was observed with human cortical cels 2 months aftergrafting, suggesting that in vitro corticogenesis can lead tooccipital areal identity also in human cels. However, unlike inthe mouse, after longer periods the axonal projections core-sponded to a wider range of areal identities, including motorand somatosensory. These data suggest that speciﬁc paternsof visual or limbic areal identity may be acquired during in vitrodiferentiation from human ESC, like in the mouse, but that aftergrafting a substantial fraction of the cels can be speciﬁed toother areal identities over time, perhaps in relation with theirearlier stage of maturation at the time of grafting. In support ofthis hypothesis, most of the grafted neurons expressed theoccipital cortex marker COUP-TFI after 2 months, whereas farfewer neurons were found to be positive after 6–9 months.This is highly reminiscent of the data obtained with rodent nativeor ESC-derived cortical cels, which show diferent paterns ofareal fate speciﬁcation depending on their degree of commit-ment and maturation at the time of grafting (Hansen et al.,2011;Ideguchi et al., 2010;Pinaudeau et al., 2000). It wil beinteresting in the future to further test these issues, by character-izing the molecular areal identity of the transplanted neuronsover time and by assessing the areal paterns of projections ofESC-derived cels diferentiated for a longer time prior to trans-plantation and/or after transplantation into other areas, such assomatosensory or visual cortex.
(B–F) GFP-positive ﬁbers detected within the contralateral cortex (B), striatum (C), thalamus (D), superior coliculus (E), and pyramidal tract (pyr) (F).(G–J) Quantiﬁcation of the distribution of GFP-positive ﬁbers to the layer VI target thalamus (G), layer V target striatum (H), layer V target midbrain/hindbrain (I), andlayer I/II/V target contraleteral cortex (J) after 2 and 6 months. n = 12 for 2 months, n = 6 for 6 months. Medium values are given ±SEM.(K and L) Proportion of ﬁbers within the diferent structures of the thalamus and mid/hindbrain after 2 and 6 months. n = 12 for 2 months, n = 6 for 6 months.Medium values are given ±SEM, x axis color code refers to the areal speciﬁcity of innervation of each target examined: visual, blue; limbic, brown; somatosensory,orange; motor, red; auditory, green. LG, lateral geniculate; LP, lateroposterior; LD, laterodorsal; VB, ventrobasal; Po, posterior; Med, medial; VL, ventrolateral;MG, medial geniculate nuclei of the thalamus; DM, dorsomedial; DL, dorsolateral parts of the striatum; SC, superior coliculus; IC, inferior coliculus; PAG,periaqueductal gray mater; PPTg, pedunculopontine nucleus; Pyr, pyramidal tract.(M) Quantiﬁcation of the proportional distribution of GFP-positive ﬁbers within cortical targets: contralateral cortex (CL cortex), thalamus (LG, LP, LD, VB, Po,Med, VL, MG), midbrain (SC, IC, PAG, PPTg), and pyramidal tract (Pyr), and within noncortical targets: substantia nigra (s. nigra) and cerebelum after 6 months.n = 6. Medium values are given ±SEM. Scale bars represent 2 mm in (A) and 100mm in (B–F).
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Our data constitute direct in vivo demonstration of corticalidentity of neurons diferentiated from human ESC. Most impor-tantly, the robustness and extent of the process of integration
and diferentiation of the grafted neurons reveals the possibilityto combine human ESC/iPSC corticogenesis with xenograftingfor the in vivo modeling of human cortical diseases. This
Figure 5. Human ESC-Derived Cortical Neurons Display Coordinated Patterns of Axonal Projections and Molecular Identity(A) Cartoon depicting experiments of retrograde tracing injections in the thalamus (LG) or in the midbrain (SC). T, transplant.(B) Quantiﬁcation of the percentage of Ctip2- or Tbr1-positive host and grafted cels among al cels labeled with the midbrain or the thalamic retrograde tracer.(n > 30 cels). Values are expressed as the mean ± SEP (z test, ***p < 0.001).(C–E) Thalamic injection of a retrograde tracer labels Tbr1 and GFP double-positive grafted hESC-derived neurons. Immunostaining of GFP (in green) (D and E),Tbr1 (in red) (C and E), and the retrograde tracer (in gray) (C and E). Arows show hESC-derived neurons positive for GFP/Tbr1 and the retrograde tracer.(F–H) Superior coliculus (midbrain) injection of a retrograde tracer labels CTIP2 and GFP double-positive hESC-derived neurons. Immunostaining of GFP (ingreen) (G and H), CTIP2 (in red) (F–H), and the retrograde tracer (in gray) (F and H). Arows show hESC-derived neurons positive for GFP/CTIP2 and the retrogradetracer; arowhead shows a host-derived neuron, negative for GFP and positive for CTIP2 and the retrograde tracer.
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Figure 6. Human ESC-Derived Cortical NeuronsUndergo Elaborate Dendritic Maturation after 9 MonthsGrafted In Vivo(A) Camera lucida image representing a human ESC-derivedneuron in the cortex extending its apical dendrite toward thecortical surface 3 weeks after grafting.(B) Quantiﬁcation of the percentage of neurons displaying anapical dendrite oriented toward the cortical surface after3 weeks. Mean ± SEM (n = 102 neurons).(C–E) Representative confocal and camera lucida images ofgrafted human GFP-positive neurons with characteristicimmature dendritic paterns 3 weeks and 2 and 6 months aftergrafting.(F) Two examples of hESC-derived neurons (GFP-positive)displaying a more mature and elaborate dendritic patern.(G) Quantiﬁcation of the Shol analysis performed in apicaldendrites of hESC-derived neurons after 6 and 9 monthsgrafting. n = 16 for 6 months and n = 14 for 9 months. **p < 0.01,***p < 0.001.(H) GFP immunostaining revealing dendritic spines on graftedneurons. Scale bars represent 20mm in (C–G) and 5mm in (H).
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Figure 7. Grafted Human ESC-Derived NeuronsEstablish Reciprocal Synapses with the Hostand Receive Thalamic Input(A–C) Immunoﬂuorescence images from 2-month-oldgrafts showing the expression of GFP (in green) andVGlut1 (in red) (A), synaptophysin (Syp) (in red) (B), andHOMER1 (in red) (C).(D–F) Electron microscopy combined with GFP im-munostaining (red arowheads) of synaptic contactsfrom graft to host within the cortex (D), striatum (E), andthalamus (F), and from host to graft (G) 6 months aftergrafting.(H) Electron microscopy image of GFP-positivemyelinated ﬁbers within the thalamus 6 months aftergrafting. Red arowheads show GFP immunogolddetection.(I) Fibers positive for the anterograde tracer BDA (inred) were detected in close vicinity of GFP-positivegrafted neurons (in green) after thalamic BDA injection6 months after grafting. Scale bars represent 10mmin(A–C) and 500 nm in (D–H).
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Figure 8. Grafted Human ESC-Derived Neurons Integrate Functionaly in the Synaptic Microcircuitry of the Mouse Host Brain(A) Immunoﬂuorescence staining showing human GFP-positive neurons (in green) (left and right) integrated into the mouse cortex and stained for biocytin (in red,injected during patch-clamp recording) (middle and right) and Hoechst (in blue) (right).
(legend continued on next page)
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approach could be particularly insightful to study neurodevelop-mental conditions of genetic origin that afect complex paternsof morphology and connectivity of cortical neurons, and forwhich animal or purely in vitro models may be insufﬁcient (Dol-metsch and Geschwind, 2011;Han et al., 2011;Marchetoet al., 2010;Zhang et al., 2010). In addition, it wil be interestingto test whether and how ESC-/iPSC-derived cortical cels couldbe used in cel therapy paradigms for lesions of the cerebralcortex in the adult brain, as previously shown for mouse embry-onic cortical neurons (Gailard et al., 2007).Another striking aspect of ESC-derived corticogenesis relatesto the links between cortical developmental timing and evolution.The protracted periods of human ESC-derived progenitor ampli-ﬁcation and neuronal production are highly reminiscent of theextended period of human corticogenesis that alows the gener-ation of a greater number of cortical neurons (Caviness et al.,1995;Lui et al., 2011;Rakic, 2009). ESC-derived intrinsic corti-cogenesis wil thus enable the properties of mouse and humancortical progenitors that underlie their species-speciﬁc neuro-genic potential to be directly compared (Fietz et al., 2010;Han-sen et al., 2010). Similarly, the mechanisms underlying the slowrate of maturation of human ESC cortical neurons, includingdendritic and axonal outgrowth and synaptogenesis, couldprovide hints on the origin of the neoteny that is thought to char-acterize human cortical synaptogenesis and plasticity (Defelipe,2011;Petanjek et al., 2011). Comparison of nonhuman andhuman ESC-derived corticogenesis could also be used to studythe growing number of genes displaying human-speciﬁc signa-tures of evolution in the context of brain development (Johnsonet al., 2009;Lambert et al., 2011;Polard et al., 2006;Sudmantet al., 2010).The combination of human genetics, comparative genomics,and embryology, together with pluripotent stem cel-derived cor-ticogenesis and xenografting, may thus pave the way to theelucidation of the mechanisms underlying the generation of themost complex structure in our brain and some of its most severepathologies.
EXPERIMENTAL PROCEDURES
ESC/iPSC Differentiation into Cortical CelsFor the diferentiation, on day 2, cels were dissociated using Stem-Pro Ac-cutase (Invitrogen A11105) and plated on matrigel (BD, hES qualiﬁed matrigel)or on poly-Lysine (BD 354210 33.3 mg/ml)/Laminin (BD 354232 3.3 mg/ml)coated-coverslips/dishes at low conﬂuency (5,000–10,000 cels/cm2)inMEF-conditioned hES/hiPS medium supplemented with ROCK inhibitor(Y-27632; 10mM Calbiochem, 688000). When testing cel culture substrates,we found that poly-Lysin/Laminin and Matrigel both resulted in a similardegree of cortical speciﬁcation, but the later was used preferentialy in thesubsequent experiments as it improved cel adhesion considerably. On day0 of the diferentiation, the medium was changed to DDM (Gaspard et al.,2009), supplemented with B27 (10 ml B27 per 500 ml DDM, to increasesurvival) and Noggin (100 ng/ml), and the medium was replenished every2 days. After 16 DIV, the medium was changed to DDM, supplemented withB27, and changed every 2 days. At 24 DIV, the progenitors were manualydissociated and cels were resuspended in DDM supplemented with B27and ROCK inhibitor (10mM) and plated onto poly-Lysin/Laminin-coatedcoverslips. Five to seven days after dissociation, half of the medium wasreplenished with Neurobasal supplemented with B27 (10 ml B27 per 500 mlDDM) and 2 mM glutamine and changed again every 5–7 days. For experi-ments comparing mouse and human ESC diferentiation, cyclopamine wasalso added at 2–10 DIV.
Intracerebral GraftingGrafting experiments in newborn mouse motor cortex were performed aspreviously described (Gaspard et al., 2008), using CD1 (for analysis at 1 month)and NOD/SCID mice (for analysis at 2, 6, and 9 months, as immunosupressionwas mandatory to achieve integration beyond 2 months). Human ESC-derivedprogenitors and neurons were manualy dissociated at day 24 in culturesupplemented with ROCK inhibitor (10mM). About 100,000–200,000 celswere injected. Analyses on each time point after transplantation were per-formed on two independent transplantation procedures using three diferentsets of in vitro diferentiations, which yielded similar results. A total numberof 34 cases were analyzed (n = 10 for 1 month, 12 for 2 months, 6 for 6 months,and 6 for 9–10 months).
Axonal TracingThalamic input to the graft and grafted neurons projecting to the thalamuswere traced with biotin dextran amine (BDA; 10,000 molecular weight; Molec-ular Probes) and applied iontophoreticaly into the ipsilateral dorsal lateralgeniculate nucleus (DLG).
(B) Sample raw voltage trace of a cel, in response to hyperpolarizing and depolarizing curent steps: the ﬁring response is reminiscent of a regular ﬁringaccommodating-type cel. The botom inset shows the ﬁrst (blue) and the last (green) spike, while the top inset shows the temporal evolution of the instantaneousﬁring rate.(C) Single-cel properties: open circles indicate values from single experiments (n = 9), ﬁled circles represent the population mean, and eror bars show SEM.Resting membrane potentials Vrest, AP ﬁring thresholds Vth, input resistances Rm, membrane capacitances Cm, rheobase curents Ith, and the slope (gain) of thefrequency-curent curve represent typical signatures of cortical neurons passive and active electrical properties.(D) Sample raw voltage traces before (left) and after (right) the bath application of ionotropic glutamatergic receptors antagonists (i.e., CNQX and AP-V).(E) Spontaneous postsynaptic potential (PSP) properties, extracted by ﬁting each spontaneous event with a double exponential function: open circles indicatevalues obtained from distinct ESC-derived neurons (n = 7), ﬁled circles represent the population mean, and eror bars show the SEM. The rise timetr, decay timetd, and the maximal PSP amplitudes represent typical signatures of the activation of proximal AMPA receptor (AMPAR)-mediated glutamatergic synapses. Theinset shows a representative single PSP waveform (black) and its ﬁt (red).(F) Episodic occurence of increase in background synaptic activity and interictal-like ﬁring: increase in synchronous spontaneous PSPs induces strong voltageﬂuctuations and a transient membrane depolarization, ultimately leading to the ﬁring of several APs (truncated to alow an expanded view of subthreshold voltageﬂuctuations). The inset shows a zoom of the area highlighted in yelow.(G) Sample raw voltage traces, in response to a train of 11 extracelular electrical stimuli at 20 Hz (timed by the red dashes). The top trace quantiﬁes the evokedresponse under control artiﬁcial cerebrospinal ﬂuid. The subsequent application of selective competitive antagonist of AMPAR and NMDAR (i.e., CNQX andAP-V) blocks glutamatergic responses, signiﬁcantly suppressing evoked PSPs (central trace). The residual responses were GABAAR-mediated, as demonstratedby the successful reversal of the PSP amplitudes, upon injection of a positive holding curent (i.e., from 75 mV to 62 mV that is more depolarized than theChloride reversal potential).(H) Evoked PSP properties: open circles indicate values from single experiments (n = 4), ﬁled circles represent the population mean, and eror bars show SEM.Rise timetr, decay timetd, the maximal PSP amplitude, and the paired-pulse amplitude ratio represent typical signatures of the activation of short-term facil-itating compound glutamatergic and GABAergic microcircuit aferents.
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Grafted neurons projecting to the superior coliculus were traced with AlexaFluor 568-conjugated Dextran (0.5ml, 1% in distiled water; Molecular Probes)injected into the ipsilateral superior coliculus (SC).
Calcium ImagingFor calcium dye loading, each coverslip was incubated with Oregon GreenBAPTA 1-AM. Imaging was caried out using an Axioskop 2 microscope (Zeiss)equipped with a charge-coupled device camera (iXon +, Andor Technology).For pharmacological experiment, TTX (1mM) was applied by superfusion.
In Vitro ElectrophysiologyWhole-cel patch-clamp recordings were performed on individual neuronsidentiﬁed by using infrared diferential interference contrast microscopy(Axioskop 2FS, 63/0.95w, Zeiss). For temporal analysis of functional matura-tion, 127 cels were recorded from days of diferentiation 38 to 82. Celswere classiﬁed in two groups as a function of time: early (days 38–65) andlate (days 68–82) time points.
Ex Vivo ElectrophysiologyElectrophysiology recordings were performed on grafted neurons in acutebrain slices from mice at 10 months postransplantation. Transplanted celswere identiﬁed by their enhanced GFP (EGFP) ﬂuorescence and visualizedusing an upright microscope equipped with infrared diferential interferencecontrast (Leica Microsystems, DMLFS). Some neurons were ﬁled with biocytinduring the recordings and were later ﬁxed and stained with streptavidin ﬂuoro-phore conjugates (seeSupplemental Experimental Procedures) for subse-quent identiﬁcation and reconstruction of cel morphology. Whole-celpatch-clamp recordings (EPC 10, HEKA Ampliﬁer Electronics) and bipolarextracelular stimulation (ISO-Flex, AMPI) were performed as described inmore detail in theSupplemental Experimental Procedures.
Transcriptome AnalysesTotal RNA from two independent samples from ESC-derived cortical diferen-tiations and from fetal cortex samples was extracted using standard proce-dures (Lambert et al., 2011), and the coresponding cDNAs were preparedand hybridized according to manufacturer’s instructions (AfymetrixHGU133+v2.0).
Human Embryonic/Fetal Cortical SamplesThe study was approved by the three relevant Ethics Commitees (ErasmeHospital, Universite´Libre de Bruxeles, and Belgian National Fund for ScientiﬁcResearch FRS/FNRS) on research involving human subjects. Writen informedconsent was given by the parents in each case.
Additional MethodsAn extended version of the experimental procedures is described online in theSupplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes nine ﬁgures, three tables, SupplementalExperimental Procedures, and one movie and can be found with this articleonline athtp:/dx.doi.org/10.1016/j.neuron.2012.12.011.
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Figure S1. Related to Figure 1   
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Figure S1. iPS cel line characterization. 
(A) Bright field and immunofluorescence images from AHpMX4 and BJ1pMX1 iPS cel 
lines showing Nanog (in green), Oct4 (in red), Sox2 (in red), SSEA3 (in green), SSEA4 
(in green),  TRA1-60 (in  green),  TRA1-81 (in red)  and  Hoechst (in  blue)  staining. (B) 
qRTPCR  comparing the levels  of  expression of the four  viral  constructs  used for 
reprogramming  between infected fibroblasts, two independently  generated  clones  of 
each iPS cel line and H9 cels. Data are shown as relative amount of mRNA compared 
to the values of infected hFibs as value 1 +/-SEM (fold change). (N=2-3). (C) qRTPCR 
showing the expression of pluripotent genes in two clones of BJ1pMX and AhpMX iPS 
cel lines. Data are shown as relative amount of mRNA compared to the values of H9 
as  value  1  +/-SEM (fold  change). (N=2-3). (D) Immunofluorescence images  of 
embryoid  bodies  generated from  AHpMX4  and  BJ1pMX1 iPS  cel lines,  showing 
positive cels for alpha fetoprotein (AFP) (marker for endoderm), alpha smooth muscle 
actin (-SMA) (marker for mesoderm), and II tubulin (marker for ectoderm).  
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Figure S2. Related to Figure 1    
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Figure  S2.!Default induction  of rostro-dorsal cortical primordium from  human 
ESC/iPSC.  
(A)  qRTPCR  analysis  of human ESC-derived  neural  progenitors in  culture.  Data  are 
shown as relative amount of mRNA compared to the values at day 5 of diferentiation, 
as  value  1  +/-SEM (fold  change) (N=2-7). (B)  Proportion  of  cels  expressing  Nestin 
among  al  cels,  Otx1/2  and  Pax6  among  Nestin  cels,  after  19  days  of  diferentiation 
from H9 cels. Mean +/- SEM (N=3). (C) Quantification from 2-3 diferent experiments of 
the proportion of Nestin, Nestin/Otx1/2 and Nestin/Pax6 positive cels at day 15-19 from 
BJ1pMX1  and AHpMX4  cel line. Representative immunofluorescence images  of  day 
19  cultures for the  expression  of  Nestin/Pax6 (D,F)  and  Nestin/Otx1/2 (E,G) from 
BJ1pMX1 (D-E)  and  AHpMX4 (F-G) iPS  cel lines. (H)  Heatmap  showing the 
normalized rostro/caudal,  dorso/ventral  patern  of  expression  of  day  24  diferentiated 
cels  compared to  undiferentiated  cels  and  human  embryonic  cortex  at  9  gestational 
weeks (9 gw). 2 independent samples are analysed for each condition. (Above) Legend 
showing colour code for comparative levels of expression. Leter colour code: Red for 
genes  present in rostral forebrain/cortical identity.  Blue for  genes  enriched in  caudal 
regions of CNS. 
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Figure S3. Related to Figure 1   
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Figure  S3. Dependence  of  human  ESC forebrain  diferentiation to  morphogenic 
cues. 
(A-C) Representative immunofluorescence images for the expression of Nestin/Pax6 in 
control (A), Shh (B) and cyclopamine-treated conditions (C). (D-F) Representative 
immunofluorescence images for the expression of Nestin/Otx1/2 in control (D), Shh (E) 
and cyclopamine-treated conditions (F). (G) qRTPCR analysis of the ESC-derived 
progenitors at day 19 for control, Shh or cyclopamine-treated conditions. Data are 
shown as relative amount of mRNA compared to the values of control condition as value 
1 +/- SEM (fold change) (N=4-5). (H) RTPCR product from human ESC-derived 
progenitors at day 19 for control, Shh or cyclopamine-treated conditions for Nkx2.1 
(upper panel) and YWHAZ housekeeping gene (lower panel). 
                         
  
  8 
 Figure S4. Related to Figure 1     
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Figure  S4. In  vitro electrophysiological properties  of  human  ESC-derived 
neurons at early and late time stages in culture. 
(A) Calcium imaging of ESC-derived neurons after 53 days of diferentiation. (Left) 
Fluorescence image of cels loaded with Oregon green 488 BAPTA 1. (Right) 
Representative traces showing spontaneous calcium spikes in individual neurons, that 
are suppressed by 1 µM TTX. (B-C) Maximal intensity of the voltage dependent Na 
curent (pA) and AP amplitude (mV) values at early and late stages in culture. Data are 
shown as single values (d38-d65 stage N=51-61, d68-d82 N=11-15) and the mean 
(Ttest ** p<0.01). (D) Representative traces of Na curents (left) and induced AP (right) 
from immature cels. (E) Representative traces of mature Na curents (left) and induced 
repetitive AP (right) from mature cels. 
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Figure S5. Related to Figure 2     
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Figure S5. Species-specific temporal paterning of corticogenesis from mouse vs. 
human ESC. 
Immunofluorescence stainings for Nestin (green) / Pax6 (red) (A-C), Blbp (red) (D-F), 
ßII-tubulin (red) (G-I), ßII-tubulin (green) / Tbr1 (red) (J-L) and ßII-tubulin (green) / 
CTIP2 (red) (M-O), from mouse (A-B, D-E, G-H, J-K, M-N) and human (C,F,I,L,O) after 
10 or 20 days of diferentiation. (P) Quantification of ßII-tubulin positive cels from 
mouse and human ESC-derived cultures after 10, 20 and 40 days of diferentiation. 
Mean +/- SEM (N=2-3). 
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Figure S6. Related to Figure 2   
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Figure  S6.  Patern  of  expression  of layer-specific markers in  hESC-derived 
cultures. 
(A-D) Immunofluorescence images showing ßII-tubulin (in green) (A,D), CTIP2 (in red) 
(B,D) and Tbr1 (in grey) (C,D) of hESC cultures at day 61. Arowhead points to Tbr1-
negative/high  CTIP2-positive  neuron;  arow  points to  Tbr1-positive/low  CTIP2-positive 
neuron. (E-F) Immunohistochemistry  on alternate  sections of human  cortical tissue  at 
19 gestational weeks for CTIP2 (E), and Tbr1 (F). Higher magnification of the depicted 
area shown on the right panel, ilustrating expression of CTIP2 and Tbr1 in layer VI. 
(G-H) Immunofluorescence images showing HUES9-derived neurons expressing beta II 
tubulin (in green) and Tbr1 (in red) at day 21 (G), and Foxp2 (in red) (H) at day 32. (I-J) 
Immunostainings for beta II tubulin (in green) and Tbr1 (in red) at day 24 (I) and CTIP2 
positive neurons (in red) at day 40 (J) (in red) from BJ1pMX1 iPSC. (K) Time-course of 
the proportion of ßII-tubulin neurons expressing layer-specific markers folowing iPSC 
diferentiation. Mean +/- SEM (N=2 experiments). 
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Figure S7. Related to Figure 2  
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Figure S7. Cortical layer gene profiling analysis of hESC-diferentiated neurons. 
Heatmap showing the normalized expression of cortical layer marker genes in two 
samples of undiferentiated H9 hESC at day 0 (s1, s2), two sets of cels diferentiated for 
24, 44 and 61-72 div (s1, s2), and two samples from human embryonic cortex at 9 and 
19 gestational weeks (9/19 gw) (s1, s2). (Above) Legend showing colour code for 
comparative levels of expression. (Right) Legend showing colour code for genes from 
diferent cortical layers in vivo. 
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Figure S8. Related to Figures 3 and 4   
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Figure  S8.  Characterization  of the  human ESC-derived  cels at  2  and  6  months 
post-transplantation. 
(A-C) Immunofluorescence images showing GFP (in green), Hoechst (in blue) (B) and 
human specific Nuclear antigen (Hu Nuclei) (in red) (C) 2 months folowing grafting. 
Arowhead points to a GFP-negative mouse host cel, nucleus positive for Hoechst and 
negative for Hu Nuclei antigen. (D-F) Immunofluorescence images showing GFP (in 
green) (D,F) and ßII-tubulin (in red) (E-F) 2 months folowing grafting. (G-I) 
Immunofluorescence images showing GFP (in green) (G,I) and MAP2 (in red) (H-I) 6 
months folowing grafting. (J-K) Immunofluorescence images showing GFP (in green) 
and Couptf1 (in red) at 2 (J) and 9 months (K) folowing grafting. (L) Quantification of the 
proportion of cases with GFP-positive fibers in cortical and subcortical structures after 1, 
2 and 6 months. N=10 for 1 month; N=12 for 2 months; N=6 for 6 months. Values are 
expressed as a percentage of the total number of cases with a graft +/- SEP. 
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Figure S9. Related to Figures 3, 4, and 5  
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Figure  S9. Immunofluorescence  analysis  of telencephalic  and cortical layer 
specific markers in grafted human-ESC-derived neurons.  
 (A)  Examples  of the  grafts  analysed  after  1  month (A)  and  2  months (B) for the 
expression of beta II tubulin (in blue)/GFP (in green) and Foxg1 (telencephalic neurons) 
(in red), Tbr1 (subplate, layer I/VI) (in red), Foxp2 (layer VI) (in red), Ctip2 (layer VI/V) (in 
red),  and  Satb2 (layer  V/I-II) (in red). (C) Immunofluorescence images  showing  GFP 
(left images),  Satb2 (in red)-Ctip2 (in  green),  or  Tbr1 (in red)-Ctip2 (in  green) (right 
images) positive cels in the  grafts  analysed  after 2  months. Arows  point to  cels  co-
expressing both markers. (D) Graph showing the proportion of cels co-expressing Tbr1-
Ctip2 or Satb2-Ctip2 among the Ctip2+  
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Table S1. Passive membranes properties of ESC-derived neurons in vitro 
 
 
Abbreviations: INa max,  Maximum  amplitud  of  sodium  curent, APamp, Amplitud  of the  action 
potential, APth, threshold  of the  action  potential, Vrest, resting  membrane  potential, Cm, 
membrane capacitance, Rm ,input resistance. (Ttest, n.s. non significant, **p<0.01). 
 
The APthreshold was measured from the phase plane plot as the voltage at which dV/dt 
increased abruptly. The APamp was calculated as a diference between the threshold and the 
peak of the AP. Rin was measured from the current deflection in response to a 10 mV negative 
voltage step from Vhold=-70 mV. Cm was calculated by measuring the charge carried by the 
capacitive current during the 10 mV negative voltage step from Vhold=-70 mV. 
 
  
 Stage   
 INa max (pA)  APamp (mV)  
 APth (mV)  Vrest (mV)  Cm (pF) 
 Rm  
Day38-day65 -594.1+/-64.3  40.1+/-1.9 -26.6+/-0.8 -39.5+/-2.5 17.2+/-1.5 2.4+/-0.2 Day68-day82 -922.3+/-222.8  53.7+/-4.4 -27.8+/-1.7 -36.6+/-3.9 23.1+/-2.8 2.2+/-0.2 p value 0,056 n.s. 0,004 p<0.01  ** 0,527 0,654 0,082 0,627 
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Table S2. Gene Ontology survey of hESC-derived cortical cels of genes diferentialy expressed between 44 and 24 days of diferentiation   
 
 

















UP day44/ day24 
GO term GO category N genes GO  
N genes microarray into GO 
P value FDR 
 GO:0048731 system development 603 102  3.65E-19  
3.96E-15    GO:0048856  anatomical structure development 2048 183 1.67E-17  
9.08E-14  
 GO:0007399  nervous system development 279 76 3.26E-17  
1.18E-13  
 GO:0032502  developmental process 3399 168 5.53E-16  
1.5E-12  
 GO:0007411  axon guidance  307 33 1.08E-13  
2.34E-10  
 GO:0007268  synaptic transmission 374 57 7.75E-13  
1.4E-9  
 GO:0023052 Signaling  644 80 9.32E-13  
1.45E-9  
DOWN day44/ day24  
GO term GO category N genes GO  
N genes microarray into GO 
P value FDR 
 GO:0042127  regulation of cel proliferation 1047 119 1.47E-14  
1.6E-10  
 GO:0009628  response to abiotic stimulus 691 68 2.42E-14  
1.31E-10  
 GO:0042221  response to chemical stimulus 2293 362 6.71E-13  
2.43E-9  
 GO:0048518  positive regulation of biological process 3150 484 2.47E-12  
6.71E-9  
 GO:0050793  regulation of developmental process 
1236 229 2.66E-12  
5.77E-9  
 GO:0032502  developmental process 3399 206 3.08E-12  
5.58E-9  
 GO:0050896  response to stimulus 5371 243 4.54E-12  
7.05E-9  
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Table S3. Gene Ontology survey of hESC-derived cortical cels of genes diferentialy expressed between 61/72 and 44 days of diferentiation  
!!                                         
UP days61-72/ days44 
GO term GO category N genes GO 
N genes microarray into GO 
P value FDR 
 GO:0007268  synaptic transmission 374 131  1.1E-31  1.19E-27   GO:0023052  signaling  644 139 1.79E-23  9.73E-20   GO:0007267  cel-cel signaling  633 136 1.02E-22  3.7E-19   GO:0007154  cel communication  
827 161 4.41E-22  1.2E-18 
 GO:0006836  neurotransmiter transport  
73 36 1.58E-14  3.43E-11   GO:0007399  nervous system development  
279 82 1.88E-14  3.4E-11  
 GO:0048731  system development 603  137   1.25E-13  1.94E-10  DOWN days 61-d72/ days44  
GO term GO category N genes GO 
N genes microarray into GO 
P value FDR 
 GO:0022402  cel cycle process 792 240  7.11E-58  7.72E-54   GO:0022403  cel cycle phase   
470 168 1.03E-47  5.61E-44   GO:0000278  mitotic cel cycle  306 123 1.32E-40  4.77E-37   GO:0007049  cel cycle 526 162 2.44E-36  6.61E-33    GO:0051301  cel division 302 114 8.47E-36  1.84E-32   GO:0006259  DNA metabolic process 607 172 1.14E-33  2.06E-30   GO:0016043  celular component organization  
2967 367 1.41E-30 -12  
2.18E-27 
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Supplemental Experimental Procedures  
ESC/iPSC culture and diferentiation. 
Human  ESC  HUES9 (Cowan  et  al.,  2004) and  H9 (Thomson  et  al.,  1998)),  and iPSC 
(BJ1pMX1,BJ1pMX2,AHpMX4, and  AHpMX9) lines  were  propagated  using  standard 
procedures on mitoticaly inactivated mouse embryonic fibroblasts (MEF).  
At 24 div of the diferentiation the progenitors were manualy dissociated and cels were 
resuspended in  DDM  supplemented  with  B27  and  ROCK inhibitor (10  µM)  and  plated 
onto poly-Lysin/Laminin coated coverslips. Five to seven days after dissociation, half of 
the  medium  was replenished  with  Neurobasal  supplemented  with  B27 (10  ml  B27  per 
500 ml DDM) and 2mM glutamine, and changed again every 5-7 days.  
For  experiments  comparing  mouse and human  ESC  diferentiation,  cyclopamine  was 
also added at 2-10 div. 
iPSC generation and ESC viral transduction. 
BJ1 fibroblasts (neonatal foreskin) and AH fibroblasts (derived from a forearm biopsy of 
a 32-year old female donor) were cultured in fibroblast medium consisting of DMEM with 
10  %  FBS,  1%  sodium  pyruvate,  1  %  penicilin/streptomycin (al reagents  were from 
Invitrogen). The retroviral pMXs vectors containing cDNAs for OCT4, SOX2, KLF4 and 
c-MYC (Lowry  et  al.,  2008) (obtained from  Addgene)  were  co-transfected  with 
packaging-defective helper plasmids into 293T cels using FuGENE6 (Roche).  
For  a  175  cm2 T-flask  with  6  x  106 293T  cels  1250  µL  DMEM  were  used  with  75  µL 
FuGENE6  and  100  µg  DNA (vector:gag-pol:vsv-g in  a ratio  of  4:3:1).  The  viral 
supernatant was harvested on two consecutive days starting two days after transfection, 
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was filtered through  a  0.45  µm  celulose  acetate filter  and  concentrated  60-fold  using 
Amicon Ultra centrifugal filter units (Milipore, 100 K).  
Fibroblasts were infected with fresh virus preparations one day after seeding them in a 
density of 100,000 cels/wel of a 6-wel plate with 5 µg/mL protamine sulphate (Sigma). 
Four  days  after infection the  cels  were  passaged  with trypsine/EDTA (Invitrogen)  on 
iradiated  MEFs.  One  day after the  passage the  medium  was  changed from fibroblast 
medium to  hES  medium.  Based  on their  morphology iPS  cel  colonies  were  picked 
manualy 16-21 days later. 
H9 cels were stably transduced using a lentiviral vector for the ubiquitous expression of 
GFP  under the  control  of the  chicken  ß-actin  promoter and  with  a  puromycin  selection 
cassete (Addgene). For the infection, cels were dissociated using Stem-Pro Accutase, 
resuspended  on  MEF-conditioned  hES/hiPS  cel  medium supplemented  with  ROCK 
inhibitor (10 M) and incubated on gelatin-coated dishes for 30 min at 37ºC to remove 
the remaining  MEFs.  Supernatant  was recovered  and  cels  were incubated in 
suspension  with the  viral  particles for  3-4  hours  at  37ºC.  Cels  were  washed  several 
times, centrifuged and plated on mitoticaly inactivated MEFs. After 2-3 days, selection 
using 300 ng/ml puromycin was started and continued for about 7 days.  
Human embryonic/fetal cortical samples 
The  study  was approved  by the three relevant  Ethics  Commitees (Erasme Hospital, 
Université  Libre  de  Bruxeles,  and  Belgian  National  Fund for  Scientific  Research 
FRS/FNRS) on research involving human subjects. Writen informed consent was given 
by the parents in each case. Human fetuses were obtained folowing medical pregnancy 
termination.  Two fetuses  aged  9  and  19  GW  were  used for the  microaray  analyses, 
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while additional cases used for immunostainings ranged from 9 to 24 GW. Al the cases 
were  examined  with  standard feto-pathological  procedures  and  none  displayed  clinical 
or  neuropathological  evidence  of  brain  malformation.  As  soon  as  possible  after 
expulsion (less than  6  hours), the  brain  was removed,  embedded  as  a  whole in  OCT 
compound (Sakura),  and  snap-frozen in  a  2-methylbutane  on  dry ice  bath.  The  whole 
brain was then cryosectioned coronaly (sections of 25 microns). Cortical samples used 
for RNA extraction were dissected manualy from the sections. For the sample at 9GW 
the  whole thickness  of the  cortical  hemisphere  was  colected,  while for the  samples  at 
19GW, the  upper third  coresponding to the  cortical  plate  was  colected  before  RNA 
extraction as described in (Lambert et al., 2011). 
Embryoid body diferentiation. 
iPSC colonies were detached by colagenase IV treatment and grown in suspension in 
6-wel low atachment plates (Corning, NY, #3471) in hES medium containing 20% KO 
serum without FGF-2 and Plasmanate (Bock et al., 2011). After 10 days the EBs were 
alowed to atach on gelatin-coated coverslips and were cultivated for 10 more days.  
Axonal tracing. 
micropipetes (internal tip diameter: 8-10 µm) into the ipsilateral dorsal lateral geniculate 
nucleus (DLG) (with respect to the transplantation  side) at the folowing  stereotaxic 
coordinates: anterior, -2.30 mm; lateral, 2.2 mm; dorsal, 2.7 mm. BDA was detected by 
avidin  or  streptavidin fluorophore  conjugates (see tables  primary  and  secondary 
antibodies). 
Alexa  Fluor  568-  
tracer was injected with a Hamilton syringe into the ipsilateral superior coliculus (SC) at 
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the folowing stereotaxic coordinates: anterior, -4.04 mm; lateral, 0.80 mm; dorsal, 1.50 
mm.  
qRTPCR analysis. 
mRNA  was  extracted from  cels  using the  RNeasy  RNA  preparation  minikit (Qiagen). 
DNAse  treatment  was  performed  after  RNA  purification  using DNAse I  Turbo  DNA-
freeTM kit (Ambion Inc.  Austin,  TX) for  30  min  at  37°C.  First  strand  cDNA  was 
synthesized from 500 ng of DNAse I-treated total RNA with random primers (Invitrogen) 
using  SuperScriptTM I  RNAse  H-RT (Invitrogen).  Primers for  qPCR reaction  were 
designed  with  either  PrimerExpress  software (Applied  Biosystems), from the  websites 
Invitrogen Oligo perfect or primer bank Harvard Medical School. The eficiency of qPCR 
amplifications was validated in four diferent cDNA dilutions from human embryonic brain 
tissue  with  YWHAZ  primer  set  as  normalizer.  The  quantitative  PCR reaction  mixtures 
consisted  of  LightCycler  480  SYBR  Green I  Master (Applied  Biosystems),  250  nM  of 
primers  and  12,5  ng  cDNA.  The reaction  steps  were  an initial  denaturation  step  of  10 
min at  95°C, thermal  cycling  conditions  were  15  s  at  95ºC  and  1  min  at  60ºC for  40 
cycles.  Relative  expression levels  of the  diferent  genes  are  given  as  a  percentage  of 
YWHAZ or  GADPH (normalizer  housekeeping  gene):  2- Ct whereby Ct=Cttarget-
Ctnormalizer , Ct= Ct-Ctreference.  Primer  sequences  are  described in the table  below. 
Statistical analysis was done folowing t-test analysis and indicated as * for p<0.05; ** for 
p<0.01; *** for p<0.001. 
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    Gene  Primer Forward  Primer Reverse Blbp GGACTCTCAGCACATTCAAGAA 
 
CCACATCACCAAAAGTAAGGGT 
 Cripto (TDGF1) AAGATGGCCCGCTTCTCTTAC  AGATGGACGAGCAAATTCCTG c-Myc CGGAACTCTTGTGCGTAAGG CTCAGCCAAGGTTGTGAGGT c-Myc viral ACTCTGAGGAGGAACAAGAA TATCGTCGACCACTGTGCTG CTIP2 GAGTACTGCGGCAAGGTGTT 
 
TAGTTGCACAGCTCGCACTT 
 Cux1 GCTCTCATCGGCCAATCACT  TCTATGGCCTGCTCCACGT  Cux2 AAGGAGATCGAGTCGCAGAA  CTCCAGGATGCTCTTGATGG  Dlx2 ACGCTCCCTATGGAACCAGTT 
 
TCCGAATTTCAGGCTCAAGGT 
 DNMT3b CCCATTCGAGTCCTGTCATT  GGTTCCAACAGCAATGGACT Emx1 AGGTGAAGGTGTGGTTCCAG 
 
AGTCATTGGAGGTGACATCG 
 Emx2 GCTTCTAAGGCTGGAACACG 
 CCAGCTTCTGCCTTTTGAAC 
 Etv1 CTGCCTGCAGTCAAGAACAG  GAGGGCCTCATTCCCACT  Foxg1 GCCACAATCTGTCCCTCAACA 
 
CGGGTCCAGCATCCAGTAG 
 Foxp1 GTGGCAAGACAGCTCCTTCT  ATAGCCACTGACACGGGAAC  GADPH CGCTCTCTGCTCCTCCTGTT  CCATGGTGTCTGAGCGATGT Gbx2 GGTGCAGGTGAAAATCTGGT 
 
CCTGTCTTGGAATTGGCATT 
 Gsx2 CGCCACTTACCTGAACCTGT 
 
CCCTCCTTCTTGTGCTTCAC 
 hTERT CCCTCTGCTACTCCATCCTG GTGTCGAGTCAGCTTGAGCA Irx3 CCGTATGGCCAGTACCAGTT 
 
ATAAGCGTTTCCCTCCTCGT 
 KLF4 TATGACCCACACTGCCAGAA TGGGAACTTGACCATGATTG KLF4 viral CCCAATTACCCATCCTTCCT TATCGTCGACCACTGTGCTG Nanog TACCTCAGCCTCCAGCAGAT  CCTTCTGCGTCACACCATT Nkx2.1 CGACTCCGTTCTCAGTGTCTGA 
 
CCTCCATGCCCACTTTCTTG 
 Oct4 TGTACTCCTCGGTCCCTTTC TCCAGGTTTTCTTTCCCTAGC Oct4 viral GAGGAGTCCCAGGACATCAA TATCGTCGACCACTGTGCTG Otx1 GAGGTGGCGCTCAAGATCA 
 
CGCGGCGGTTCTTGAA 
 Pax6 GTGTCTACCAACCAATTCCACAAC 
 
CCCAACATGGAGCCAGATG 
 Reelin GTAGCAAGCCCTTCAGCAAC 
 
CCCTGAGGCCAGTACAACAT 
 Rex1 (ZFP42) AACGGGCAAAGACAAGACAC  GCTGACAGGTTCTATTTCCGC Satb2 CCTCCTCCGACTGAAGACAG 
 
TGGTCTGGGTACAGGCCTAC 
 Sox1 GCAAGATGGCCCAGGAGAA 
 
CCTCGGACATGACCTTCCA 
 Sox2 GCTAGTCTCCAAGCGACGAA GCAAGAAGCCTCTCCTTGAA Sox2 viral AGCTACAGCATGATGCAGGA TATCGTCGACCACTGTGCTG Tbr2 CACCGCCACCAAACTGAGAT 
 
CGAACACATTGTAGTGGGCAG 
 Tbr1 ATGGGCAGATGGTGGTTTTA 
 
GACGGCGATGAACTGAGTCT 
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Transcriptome analyses. 
Statistical  analyses  were  performed  with the  R language for  statistical  computing  with 
microaray data from H9 hES cels (GSM994321, GSM994322, retrieved from the GEO 
database (htp:/www.ncbi.nlm.nih.gov/geo), and from  human  samples (Lambert et  al., 
2011). Results were pre-processed together using the robust multi-aray analysis (RMA) 
normalization with the appropriate R-bioconductor packages with standard parameters. 
Diferential gene expression was assessed for each probe set using linear modeling and 
Bayesian  moderated t-test.  GO  analyses  were  performed  using the  GOrila  application 
(htp:/cbl-gorila.cs.technion.ac.il). Heat maps were constructed using the MeV software 
after averaging the signal of probe sets for each gene. Hierarchical clustering of samples 
and specific gene subsets was performed with the optimized Euclidian distance metric. 
Calcium Imaging. 
For  calcium  dye loading,  each  coverslip  was incubated  at  37°C for  45  minutes in the 
presence of 3 M Oregon Green BAPTA 1-AM. Images were acquired using an a 63x, 
0.95  numerical  aperture  water-immersion  objective (Zeiss,  Oberkochen,  Germany).  To 
excite the fluorescence  of the  calcium  dye,  a light  source composed  of  a  LED  aray 
(OptoLED,  Cairn  Research,  UK)  emiting  at  488  nm  was  coupled to the  microscope 
equipped with a dichroic miror and a high-pass emission filter centered at 505 and 507 
nm respectively. Using the AndorIQ software, images were acquired every 2 s, with an 
exposure time of 50 ms and with a resolution of 512 x 512 pixels (14 bits). The pseudo 
ratio (DF/F)  curves  coresponding to the  diferent  cels  were  computed  ofline.  The 
pseudo ratio (DF/F0) curves coresponding to the diferent cels were computed ofline. 
The fluorescence  change  over time is  defined  as DF/F0 = (F - F0)/F0,  where F is the 
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fluorescence at any time point, and F0 is the baseline fluorescence averaged over three 
consecutive images at the beginning of the recording. 
For pharmacological experiment TTX (1 M) was applied by superfusion.  
In vitro electrophysiology. 
Recording  pipetes  were  puled from  borosilicate  glass  capilaries (Hilgenberg  GmbH, 
Malsfeld,  Germany)  on  a  P-2000  pipete  puler (Suter Instruments,  Novato,  CA,  USA) 
and  presented resistances  of  58  MOhm  when filed  with the  patch  pipete  solutions 
containing the folowing (in mM): 119 KMeSO4, 1 MgCl2, 0.1 CaCl2, 10 HEPES, 1 EGTA, 
12  phosphocreatine,  2  Na2ATP,  0.7  Na2GTP,  pH  7.2 3  adjusted  with  KOH,  280300 
mOsm/l. The  extracelular  solution  contained (in  mM):  120  NaCl,  2  KCl,  2  CaCl2,  1.19 
MgSO4, 26 NaHCO3, 1.18 KH2PO4 and 11 glucose, equilibrated with 95 % O2 - 5 % CO2 
(pH  7.4). For the recordings, the  glass  coverslips  were transfered into  a recording 
chamber  where they  were  continuously  perfused (23mL/min)  with the  extracelular 
solution at room temperature. 
Al recordings were made with a Dual EPC10 amplifier and acquired using the software 
Pulse (HEKA,Lambrecht-Pfalz, Germany). Signals were filtered at 4kHz using the built-in 
filter  of  EPC10  and  digitaly  sampled  at  20kHz. Data  were  analyzed  with Igor  Pro 
software (WaveMetrics,  Lake  Oswego,  OR,  USA).  Passive  celular  parameters  were 
extracted in  voltage  clamp  by  analyzing  curent relaxation induced  by  a  10  mV 
hyperpolarizing  step from  a  holding  potential  of -70  mV.  Membrane resistance  and 
capacitance were 2.30.5 GOhm and 15.12.7 pF respectively (n=14). The presence of 
voltage  gated  sodium  curent  was  assessed  by submiting the  cels to  a  depolarizing 
step to 0 mV from a holding potential of -70 mV. Intrinsic excitability was investigated in 
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curent  clamp  by  seting  membrane  potential  at -70  mV  and injecting  1  s  step  curent 
pulses with 10 pA increments. Spontaneous excitatory postsynaptic curents (sEPSCs) 
were recorded  at  a  holding  potential  of -70  mV.  To further  check the  nature  of 
spontaneous  postsynaptic  curents,  6-cyano-7-nitroquinoxaline-2,3-dione,  CNQX 
(10M)  and  D-(-)-2- amino-5-phosphonopentanoic  acid,  APV (10M),  were  used to 
block  AMPA  and  NMDA receptors respectively. Al  drugs  were  dissolved in the  bath 
solution  and then  were  applied to the  preparation  by  superfusion.  The  drug  solution 
reached  a  steady-state  concentration in the  experimental  chamber in 2  min.  After 
reaching this  steady-state  period, the response to the  drug  was  measured  after  a 
prolonged application (up to 5 min). 
Ex vivo electrophysiology. 
Acute  brain  slices from 10  months  post-transplantated  mice  were  obtained  as folows: 
Mice were deeply  anesthetized  with  a  mixture  of  ketamine  and  xylazine,  and 
transcardialy perfused with ice-cold solution containing (in mM) 80 NaCl, 2.5 KCl, 1.25 
NaH2PO4,  1  CaCl2,  5  MgCl2,  30  NaHCO3,  25  D-glucose  and  75  sucrose (gassed  with 
95% O2/5% CO2). The brain was rapidly removed, trimmed by cuting of cerebelum and 
hindbrain  directly  behind the  occipital  cortex,  and  glued to the  stage  of  a  VT1000-S 
vibratome (Leica Instruments, Nussloch, Germany) to cut 300 m thick coronal slices in 
the  same  solution  at  4 °C.  Slices  were incubated  after  cuting in  artificial  CSF (aCSF) 
containing (in  mM)  125  NaCl,  2.5  KCl,  1.25  NaH2PO4,  2  CaCl2,  1  MgCl2,  30  NaHCO3 
and  25  D-glucose (gassed  with  95%  O2/5%  CO2) for  at least  20  minutes  and  stored 
thereafter  at room temperature for  up to  7  h.  For recording  one  slice  at  a time  was 
transfered to  a  chamber  and  continuously  perfused  with  aCSF  at  1.5  ml/min. 
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Transplanted  cels  were identified  by their  EGFP fluorescence  and  visualized  using  an 
upright  microscope  equipped  with infrared  diferential interference  contrast (Leica 
Microsystems,  DMLFS,  Belgium). Recordings  were  performed  at  33  ±  1 °C.  For 
recordings,  patch  pipetes (resistance  69 M ) were filed with  an intracelular solution 
containing (in mM): 115 K-gluconate, 20 KCl, 10 HEPES, 4 Mg-ATP, 0.3 Na2-GTP, 10 
Na2-phosphocreatine,  pH  adjusted to  7.3  with  KOH. Curent  clamp recordings  were 
performed  with  an  EPC  10  patch  clamp  amplifier (HEKA Electronics,  Lambrecht/Pfalz, 
Germany):  neither  bridge  balance  nor  capacitance  compensation  were  used online: 
rather,  electrode  kernels  were  estimated throughout the  experiment  by folowing the 
procedure  described in (Brete et  al.,  2008)  and  subsequently  used to  compensate 
ofline the recorded data. Liquid junction potentials were left uncorected. Signals were 
recorded  at  a rate  of  20  kHz.  Al  electrophysiological recordings  were  analyzed  using 
MATLAB (The Mathworks, Natick, MA). To deliver bipolar extracelular electrical stimuli 
and elicit compound synaptic responses, we used an ISO-Flex stimulus isolator (AMPI, 
Israel)  connected to two  platinum  wires inserted in  a theta-glass  pipete (1401021, 
Hilgenberg, Malsfeld, Germany) filed with aCSF. This electrode was placed at distances 
between  200  and  350 m from the recorded  neuron  and  curent-controled  stimuli  had 
amplitude in the range  100-500 A  and  duration  of  100 s. In  some  experiments, 
synaptic inputs were blocked by adding to the bath selective antagonists of ligand-gated 
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Tissue preparation, Immunofluorescence and immuhistochemistry. 
For conventional microscopy analysis, the mice were anaesthetized with an overdose of 
ketamine/xylazine  and  perfused  with  phosphate-bufered  saline folowed  by  4% 
paraformaldehyde. The brain was removed and postfixed in the same fixative overnight 
and then  cut in  75  µm  slices  on  a  Leica  vibroslicer.  The  mice intended for  electron 
microscopy  were  perfused  with  a  physiological  saline  solution, folowed  by  4% 
paraformaldehyde and 0.2% glutaraldehyde in phosphate bufer and the brains were cut 
in 60 µm slices before further processing. 
Immunofluorescence on cels and grafted brains was performed as described previously 
(Gailard et al., 2007; Gaspard et al., 2008) using primary and secondary antibodies (see 
tables  primary  and  secondary  antibodies  below). Immunohistochemistry  on  human 
embryonic brain samples was performed as previously described (Lambert et al., 2011) 
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Primary antibodies Species Company Catalog Number Dilution AFP mouse Abcam 54745 1/500 -SMA mouse Sigma A5228 1/1000 beta III tubulin (Tuj1) mouse Covance MMS-435P 1/1000 beta III tubulin rabbit Covance PRB-435P 1/1000 beta III tubulin chicken Chemicon AB9354 1/1000 Blbp  rabbit Chemicon AB9558 1/2000 BrdU mouse Beckton Dickinson  1/300 Brn2 rabbit Santa Cruz Biotech   CalR rabbit Swant 7699/4 1/5.000 ChAT goat Chemicon ab144P 1/100 Couptf1 mouse Abcam Ab41858 1/500 CTIP2 rat Abcam ab18465-100 1/500 Cux1 rabbit Santa Cruz Biotech  1/500 Foxg1 rabbit Abcam ab18259 1/100 Foxp2 rabbit Abcam ab16046-100 1/5.000 GAD67 mouse Chemicon AB5406 1/2.500 GFAP rabbit Sigma G9269 1/500 GFP rabbit Invitrogen A6455 1/2000 GFP chicken Abcam AB13970-100 1/2000 Homer1 rabbit Synaptic Systems 160 003 1/1.000 Human Nu antigen, clone 235-1 mouse Chemicon MAB1281 1/500 MAP2 mouse Sigma M1406-2ml 1/2000 Nanog goat R&D AF1997 1/20 Nestin mouse Covance MMS-570P 1/1000 Nestin rabbit Covance PRB-315C 1/1000 Nkx2.1 rabbit Biopat PA0100 1/5.000 Oct4 rabbit Abcam Ab19857 1/2000 Otx1/2 rabbit Chemicon AB9566 1/2000 Pax6 rabbit Covance PRB-278P 1/2.500 Pax6 mouse DSHB purified 1/50 Satb2 rabbit Abcam ab34735 1/1000 Sox2 rabbit Milipore AB5603 1/1000 SSEA3 rat DSHB MC-631 1/50 SSEA4 mouse DSHB MC-813-70 1/50 Synaptophysin mouse Synaptic Systems 101 011 1/1.000 Tbr1 rabbit Gift from Hevner  1/10.000 Tbr2 rabbit Chemicon AB9618 1/2000 TRA1-60 mouse Milipore MAB4360 1/1000 TRA1-81 mouse Milipore MAB4381 1/1000 Tyrosine Hydroxilase mouse Chemicon MAB318 1/400 VGat rabbit Synaptic Systems 131002 1/1000 VGlut1 rabbit Synaptic Systems 135 302 1/1000 VGlut1 mouse Medilabs MM-0016-6P-FS 1/100 
  

























Secondary antibodies Species Company Dilution anti-mouse Alexa Fluor 488 donkey Invitrogen 1/500 anti-rabbit Alexa Fluor 488 donkey Invitrogen 1/500 anti-chicken Alexa Fluor 488 chicken Invitrogen 1/500 anti-mouse cyanin3 donkey Jackson Immunoresearch 1/500 anti-rabbit cyanin3 donkey Jackson Immunoresearch 1/500 anti-rat cyanin3 donkey Jackson Immunoresearch 1/500 anti-goat cyanin3 donkey Jackson Immunoresearch 1/500 anti-mouse cyanin5 donkey Jackson Immunoresearch 1/500 anti-rabbit cyanin5  donkey Jackson Immunoresearch 1/500 Streptavidin Alexa Fluor 647  conjugated 
 Invitrogen 1/250 
Avidin rhodamine red conjugated  Invitrogen  1/250 
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BrdU birthdating analysis in vivo. 
P0  grafted  mice received  a  single intraperitoneal injection  of  BrdU (50  mg/kg  body 
weight) either at P4 or at P51. Mice were sacrificed at P61 and tissue was processed as 
explained before. Immunoflurescence analysis were done using primary and secondary 
antibodies (see tables for primary  and  secondary  antibodies).  For  quantification  of the 
proportion  of  BrdU  cels  expressing  one  marker,  at least  80  BrdU  positive  cels  were 
quantified for each condition and marker. 
Quantification of axonal projections folowing grafting. 
For the  quantification  of total  number  of fibers  present in the  contralateral  cortex, the 
average number of fibers was counted in 1/6 of al the sections through the motor, visual 
and piriform cortex. For the striatum, the total number of fibers was counted in a single 
section. For the thalamus, midbrain and pyramidal tract, fibers were counted in 1/2 of the 
sections of each brain. Visualization of the fibers was performed with a Zeiss Axioplan 
upright  microscope  equipped  with  20x  and  40x  dry  objectives.  For the  quantification  of 
the percentage of fibers present at diferent cortical and non-cortical targets, fibers were 
counted in contralateral cortex, thalamus, midbrain, pyramidal tract, subtantia nigra and 
cerebelum in 1/4 of the brain. 
Quantification of neuronal and dendritic morphology. 
For the morphology study, we adapted the Pyramidal Morphology Index (PMI) (Hand et 
al., 2005). Pictures of at least 100 neurons stained for ß-II-tubulin were taken randomly 
for each  condition  and from two  diferent  experiments  and the  quantification  was  done 
blindly in Adobe Photoshop Software using a 25 µm circle drawn on a superposed layer. 
The number (N) of neurites intersected by the circle was counted and the width (L) of the 
thickest dendrite at its intersection with the circle was measured. The PMI is equal to L 
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divided by (N-1). 
Apical  dendrite  orientation  of  grafted  neurons  3  weeks  after  grafting (N=102)  was 
analyzed  as in (Gaspard  et  al.,  2008). Standard Shol  analysis  was performed  on the 
apical  dendrite  of  grafted  neurons  6  months (N=16  neurons)  and  9  months (N=14 
neurons)  after  grafting  using  Fiji  software, i.e. the.  number  of  apical  branches 
intersecting with concentric circles centered on the soma were quantified. The analysis 
was restricted to 90 µm from the soma, due to the increasing number of cut-of branches 
at larger  distances.  Dendrites  with  cut-of  branches  were  not  discarded.  Comparison 
between the two  groups  was  performed  using the  Mann-Whitney  U test for  non-
parametric samples; **p<0.01, ***p<0.001.   
Electron and confocal microscopy. 
For immunogold detection of GFP, the sections were incubated in goat antibody to rabbit 
IgGs  conjugated to  ultra-smal  gold  particles (0.8  nm,  1:100;  Aurion).  The immunogold 
signal  was intensified using  a  silver  enhancement  kit (HQ  silver;  Nanoprobes).  Serial 
ultra-thin immunostained sections were cut with a UC6 ultramicrotome (Leica) and were 
contrasted  with lead  citrate  and  observed in  a  electron  microscope (JEOL). Confocal 
Images  were  obtained  with  a  Zeiss  LSM  510  META  microscope  driven  by  ZEN  2009 
software and equipped with 20x 0.8, 40x 1.2W and 63x 1.2W objectives and green, red, 
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The subventricular zone (SVZ) is the principal neurogenic niche present in the 
adult  non-human  mammalian  brain.  Neurons  generated in the  SVZ  migrate 
along the rostral  migratory  stream to reach the  olfactory  bulb.  Brain injuries 
stimulate  SVZ  neurogenesis  and  direct  migration  of  new  neuroblasts to the 
sites of injury. To date, cortical injury-induced adult SVZ neurogenesis in mice 
remains ambiguous and migration of neuroblasts to the site of injury has not 
been  studied in  detail.  We found that  aspiration lesion in the  motor  cortex 
induces  a transient,  but  significant increase in the  proliferation  as  wel  as 
neurogenesis in the  SVZ.  New  neuroblasts migrate  ectopicaly to the injured 
area  with the  assistance  of  blood  vessels  and reactive  astrocytes.  Using 
lentiviral transduction,  we  provide  direct  evidence that these  neurons  are 
indeed generated in the SVZ. We further show that astrocyte-assisted ectopic 
migration is regulated  by  CXCR4/SDF-1  signaling  pathway.  Finaly,  upon 
reaching the lesion  area, these  neuroblasts  diferentiate into  glial  cels  and 
mature  neurons.  These  data  provide  a  detailed  account  of the  changes 
occuring in the SVZ and the cortex folowing lesion and indicate the potential 
of the endogenous neural stem cels in cortical repair. 
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In the  adult rodent  brain,  more  generaly in  non-human  mammals,!
neurogenesis continues to occur in two main regions, the subventricular zone 
(SVZ) lining the lateral ventricle and the subgranular zone of the hippocampus 
(Altman  and  Das,  1965;  Doetsch  et  al.,  1997,  Gage  et  al.,  1998).  New 
neurons  generated in the  SVZ  migrate  along  a  wel-defined  pathway, the 
rostral  migratory  stream (RMS), to reach the  olfactory  bulb (OB)  and 
diferentiate into  granule  cels  and  periglomerular  cels  and integrate into the 
existing circuitry (Luskin 1993; Lois and Alvarez-Buyla, 1994).  
The  discovery  of adult  neurogenesis  and  neuronal  migration  has  generated 
great interest in the field  of  cel replacement therapy folowing  neuronal 
degeneration. In  several  pathophysiological  conditions, the  proliferative 
capacity of the SVZ is altered (reviewed in Saha et al., 2012). For instance, in 
proliferation is increased significantly (Arvidsson et al., 2002; Decressac et al., 
 
(Hoglinger  et  al.,  2004;  Rodriguez  et  al.,  2009). In  diferent  cortical injury 
models,  however,  conflicting reports  on the  SVZ  proliferation  has  created 
confusion in the  understanding  of lesion-induced  proliferation.  While in 
controled  cortical impact (Ramaswamy  et  al.,  2005), fluid-percussion injury 
(Chirumamila et al., 2002; Chen et al., 2003) and focal acute injury (Blizzard 
et  al.,  2011),  a  significant increase in the  SVZ  progenitor  proliferation  has 
been  observed,  no  significant  change  was reported with  aspiration lesion 
model (Dizon et al., 2006).  
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In  addition to  proliferation,  brain  diseases  and injuries  have  been  shown to 
induce migration of the neural progenitors to the sites of injury (Arvidsson et 
al., 2002; Ramaswamy et al., 2005; Sundholm-Peters et al., 2005; Faiz et al., 
2008). In  cerebral ischemia, involvement  of  blood  vessels in  guiding  ectopic 
neuroblast migration was reported (Thored et al., 2007; Kojima et al., 2010). 
However, the mechanisms underlying the ectopic migration of the neuroblasts 
in response to cortical lesion are largely unknown. 
Here,  we  set  out to  study  changes taking  place in the forebrain folowing 
aspiration lesion of the motor cortex in adult mice. We showed that aspiration 
lesion in the  motor  cortex induces  a transient,  but  significant increase in the 
proliferation as wel as neurogenesis in the SVZ. We analyzed lesion-induced 
changes in the  cortical  microenvironment  and their role in the  ectopic 
migration  of  new  neuronal  progenitors  and  demonstrated, for the first time, 
that both re-organized blood vessels and reactive astrocytes form scafolds to 
assist migration. GFP-expressing lentiviral transduction in the SVZ confirmed 
that these  neurons  are indeed  originated in the  SVZ.  Finaly,  we  show  here 
that  neuroblasts  migrating to the lesion  area  diferentiate into  glial  cels  and 
also into mature neurons, although to a much lesser extent.  
2. Material and Methods 
2.1 Cortical lesion 
For al experiments, adult (46 month8old, females and males) C57BL/6 mice 
were  used.  Housing of the  animals  and  al  animal  experimental  procedures 
were  caried  out  according to the  guidelines  of the  French  Agriculture  and 
Forestry  Ministry (decree  87849)  and  of the  European  Communities  Council 
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Directive (86/609/EEC).  Al  eforts  were  made to reduce the  number  of 
animals used and their sufering. 
Mice were anaesthetized with avertin (250 mg/kg of body weight), placed in a 
stereotaxic  apparatus  and the left  motor  cortex  was  aspirated from 
approximately 0.52.5 mm rostral to the Bregma and from 0.52.5 mm lateral 
to the midline using a fire-polished pipete, with the corpus calosum left intact. 
After lesion, the skin was stapled and the mice were kept for recovery.  
2.2 Lentivirus injection  
A  custom-made  GFP  expressing [under  phosphoglycerate kinase, (PGK) 
promoter] lentivirus was prepared as described before (Consiglio et al., 2004; 
Grubb  et  al.,  2008) to transduce  SVZ/RMS  neuroblasts.  For  stereotactic 
injections, three  days  after lesion  mice  were  anaesthetized  as  mentioned 
above and approximately 1.5l of solution containing the virus (2x 1010 U/ml) 
was injected  near the head  of  SVZ  (anteroposterior +0.4 mm from  bregma, 
mediolateral  1.08  mm  and  dorsoventral  1.8  mm)  using  a  picoinjector 
(Picospritzer II,  Parker)  with the folowing  parameters:  pressure  8  psi, time: 
4.0 sec. Mice were sacrificed either 8 days or 21 days folowing injection.  
2.3 BrdU injections 
For proliferation studies, mice were injected with a single BrdU dose (50mg/kg 
body  weight, in  0.9%  NaCl  solution)  4  hours  before  perfusion.  For 
diferentiation studies, long-term BrdU assay was performed at a similar dose 
twice daily for 3 days (at day 6, day 7 and day 8 after lesion) and mice were 
sacrificed 30 days after last injection.  
2.4 AMD3100 injection  
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SDF1/CXCR4  signaling  was  blocked in lesioned  mice  using  AMD3100,  a 
specific CXCR4 blocker. Folowing cortical lesion, animals were injected with 
1.25 mg/kg AMD3100 (Sigma) subcutaneously twice per day (with an interval 
of 6 hours between two injections) for seven days as described in Rubin et al., 
2003. After the final injection, mice were perfused and brains were harvested 
and processed for immunostaining.  
2.5 Brain harvesting 
Mice  were injected  with  a lethal  dose  of  avertin  and transcardialy  perfused 
with  50  ml  of  saline (0.9%), folowed  by  200  ml ice-cold  paraformaldehyde 
(PFA,  4%) in  0.1  M  phosphate  bufer (PB).  Brains  were removed  and  kept 
overnight in  30%  sucrose  solution for  cryoprotection.  With  a freezing 
microtome (RM2145, Leica), 40 m tissue sections (coronal and parasagital) 
were  cut for  antibody  staining.  For the  proliferation  study, lesion  mice  were 
perfused 1, 2, 3, 5, 7, 9, 12, 15, 30 and 60 days after lesion. 
2.6 Immunohistochemistry 
Free-floating  sections  were  washed in  Tris-bufered  saline (TBS,  0.05M,  pH 
7.6)  and  blocking  was  done  at room temperature (RT) for  1 hour  by  TBS 
containing 3% bovine serum albumin (Sigma) and 0.3%Triton X-100. Primary 
antibodies,  diluted in  blocking  solution,  were  applied  overnight  at  4°C. 
Secondary antibodies were applied for 1 hour at RT. The folowing antibodies 
were  used in this  study:  goat  anti-Doublecortin (1:300,  Santacruz  Biotech.), 
mouse  anti-PSA-NCAM (IgM,  1:500,  AbCys), rat  anti-CD31 (1:250,  BD 
Pharmingen), rabbit  anti-GFAP (1:500,  DakoCytomation), rat  anti-BrdU 
(1:200, ABD Serotec), rabbit anti-CXCR4 (1:200, Chemicon), goat anti-SDF-1 
(1:50, Santacruz  Biotech.),  mouse  anti-NeuN (1:500,  Milipore), rabbit  anti-
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NG2 (1:300,  Chemicon),  Chicken  anti-GFP (1:1000,  Chemicon), rabbit  anti-
Olig2 (1:500,  Chemicon),  mouse  anti-reelin (1:1000,  kind  gift from  A. 
Gofinet), ToPro-3 (1:1000, Molecular probes). 
2.7 Data acquisition and statistical analysis  
 Sections  were  selected  and  photographed  with  an  epifluorescence 
microscope (AxioImager.M2,  Zeiss).  Colocalization  studies  were  caried  out 
using  confocal  microscopy (FV1000;  Olympus). Al results  are  expressed  as 
mean±SD.  Comparisons  between  each  group  with the  control  mice  were 
performed  by  using two- t test  and the level  of  statistical 
significance was set at P<0.05. 
3. Results 
3.1 Cortical lesion enhances cel proliferation in the subventricular zone 
To  study the  efect  of  cortical lesion  on the  SVZ  cel  proliferation,  a  single 
injection  of  BrdU  was  administered  4  hours  before  sacrificing the  mice  at 
diferent days (1,2,3,5,7,9,12,15,30 and 60 days) folowing cortical lesion (n=6 
at  each time  point).  Cortical lesion induced  a  significant increase in the 
number  of  BrdU+  cels in the  SVZ  of lesioned  animals  compared to  non-
lesioned control animals (Fig.1 A-E). This was observed both in ipsilateral and 
contralateral  hemispheres (at  day  3,  control:  115.66±7.38  mean±SD; 
ipsilateral:  159.15±9.65  and  contralateral  141.7±13.62;  P<0.05).  Proliferation 
reached its  peak  7  days  after lesion (ipsilateral  212.68±12.58;  contralateral 
177.58±10.66, P<0.001) and then gradualy decreased (Fig. 1E). Surprisingly, 
1  month  after lesion,  SVZ  proliferation  was  even lower than in  control  SVZ, 
more  prominently in the  contralateral  hemisphere (ipsilateral  103.72±9.83, 
P>0.05;  contralateral 80.1±12.79,  P<0.05  Fig.  1E).  However,  by two  months 
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after lesion,  proliferation  of the  SVZ returned to  basal level (ipsilateral 
118.88±12.26;  contralateral  103.22±16.09,  Fig.  1E).  The  proliferation in the 
ipsilateral  hemisphere  was  significantly  higher than  contralateral  at  al time 
points investigated (P<0.05)  except  at  day  60 (P>0.05).  Thus, these results 
indicate that cortical lesion induces a significant, but transient increase in cel 
proliferation at the level of the SVZ folowing cortical lesion. 
We  next investigated  whether increased  cel  proliferation  also leads to  an 
increase in the generation of new neuroblasts. At day 7, when the proliferation 
was  highest,  sections from  both  control (n=5)  and  7  day lesioned  animals 
(n=5)  were immunostained  with  BrdU  and  Doublecortin (Dcx),  a  neuroblast 
marker,  and the  number  of  BrdU+/Dcx+  cels  present in the  SVZ  was 
quantified (5  sections/brain from  anteroposterior  +1.18mm to  +0.02mm 
relative to Bregma). We observed a significant increase (+58%) in the number 
of  BrdU+/Dcx+  cels in the  SVZ (140±5.29)  compared to  unlesioned control 
mice (88.75±4.06) (P<0.001) (Fig.  1F-H).  Al together, these results 
demonstrate that aspiration lesion in the cortex not only leads to an increase 
in the SVZ cel proliferation, but also to neurogenesis. 
3.2 Neuroblasts from the SVZ/RMS migrate to the lesion area 
It has been previously shown that in response to brain injury or degeneration, 
neuroblasts  can  move  out  of the  SVZ/RMS and  migrate to the  afected  area 
(Arvidsson  et  al.,  2002;  Ramaswamy  et  al.,  2005;  Sundholm-Peters  et  al., 
2005;  Faiz et  al.,  2008).  However, the  migration  patern  was  not  studied in 
detail.  Here,  we  analyzed the  nature  of  ectopic  migration  at  diferent  stages 
folowing lesion.  We found that  although the  majority  of the  neuroblasts 
continued to migrate normaly  along the RMS to the  OB  after lesion, a large 
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number of Dcx+ cels deviated from their original path and invaded the corpus 
calosum  and the  cortex  adjacent to the  cortical lesioned  area (Fig.  2A,  E 
schematic; compare Fig. 2B and C, lesion area shown in 2F). To evaluate the 
extent of ectopic cel migration, we quantified the number of Dcx+ neuroblasts 
leaving the  SVZ/RMS  and  entering the  corpus  calosum  and the  cortex.  For 
this, we used 6 sections from each brain, and quantified the cels at the site 
where the cortical lesion was observed (n=4). Two days after lesion, 177±16 
cels  were found to  move  out  of the  SVZ/RMS,  most  being in the  corpus 
calosum  and  a few  started  entering the  deep  cortical layer (Fig.  2G). 
Supplementary figure S1A-C shows detail of the soma and leading process of 
the  migrating  neuroblasts  expressing  DCX.  By  7  days,  as  many  as  246±29 
cels (n=5) moved out of the RMS. While many cels were present within the 
corpus calosum, several had invaded the deep cortical layers and a few could 
be  detected near the lesioned  area (Fig.  2H).  Migrating  neuroblasts  showed 
typical unipolar or bipolar morphology with the presence of leading processes 
(Fig.  2I).  After  15  days,  neuroblasts  continued to  migrate  away from the 
SVZ/RMS (283±62  cels;  n=5)  and  many  cels were  very  close to the lesion 
core (Fig. 2J). This migration of neuroblasts from the SVZ to the lesioned site 
appears to be persistent as Dcx+ migrating  cels could be found in the deep 
and upper cortical layers even 30 days after lesion (159±38) (Fig. 2L). Once 
the neuroblasts arived close to the lesioned area, they started to exhibit more 
mature  and  complex  morphology  with longer  extensions  and  branches (Fig. 
2K, at day15; M, at day 30). Dcx+ neuroblasts were stil found in the corpus 
calosum  and  al through the  cortical  mantle  even  60  days  after lesion 
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indicating that the ectopic migration is not a transient phenomenon (data not 
shown).  
et  al.,  1996),  while in the  OB radially  migrating  cels remain individualized. 
Folowing  cortical lesion, just  after they  exit from the  RMS,  some  of the 
neuroblasts in the  corpus  calosum remained in  clusters (Fig.  2D,  asterisk) 
while  most  of them  migrated individualy (arowheads in  Fig.  2D).  However, 
further into the  cortex,  neuroblasts  always remained individual  and  did  not 
 
3.3 Majority of ectopic neuroblasts migrate along with blood vessels or 
glial cels   
Next, we aimed to determine the micro-environmental cues that can possibly 
guide the  ectopic  migration  of  neuroblasts from the  SVZ to the  cortex. 
Recently, the role of blood vessels in neuroblast migration both in the normal, 
as wel as in ischemic brain was demonstrated (Whitman et al., 2009; Kojima 
et al., 2010). In the normal cortex, a complex network of blood vessels were 
seen  by immunostaining  with  an  endothelial  cel  marker  CD31 (Fig.  3A).  By 
day  3  after lesion,  blood  vessels in the lesion  area  started reorganizing in 
paralel  and  directed to the lesion  site (Fig.  3B).  At  7  days  post lesion, 
reorganized vessels were less reticular compared to control (Fig. 3C). By 30 
days, many long paralel vessels were seen around the lesion area (Fig. 3D). 
This morphological change appeared to be persistent as even after 2 months 
of lesion the  paralel  orientations  were  maintained (data  not  shown).  Such 
blood vessel reorganization prompted us to investigate whether it has any role 
in  guiding  cel  motility to the lesion  area.  Co-immunolabeling  of  7  days  post 
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lesion brain sections using CD31 and Dcx revealed that indeed many ectopic 
neuroblasts navigating to the lesion area were either in contact or run closely 
in  paralel  with  blood  vessels (Fig.  3E).  Confocal imaging  and  3D 
reconstruction  showed that the  neuroblasts  can  establish  physical  contacts 
with the  blood  vessels (Fig.  3F,  G). Interestingly,  after  15  days,  neuroblasts 
near the lesion core were no longer associated with blood vessels (Fig. 3H).  
Cortical lesion leads to activation of glial reaction in the forebrain (reviewed in 
Chen  and  Swanson,  2003;  Carbonel  et  al.,  2005).  We  observed  a  massive 
up-regulation  of reactive  astrocytes  soon  after lesion (supplementary figure 
S2 A-D). A large number of ectopic neuroblasts in the cortex remained closely 
associated  with these  GFAP+ reactive  astrocytes  7  days  and  15  days  post-
lesion (Fig.  3I,  J).  To  quantify the  number  of  ectopic  Dcx+  cels  either in 
association  with  blood  vessels  or  with  astrocytes,  we  performed triple 
immunohistochemistry  using  Dcx/CD31/GFAP  7  days folowing lesion.  A 
higher percentage of Dcx+ cels migrate to the cortex in association with blood 
vessels (40.13%) as compared to association with glial cels (24.93%) (n=6, 6 
sections/brain).  Apart from  blood  vessels  and  astrocytes  association,  a 
significant  number  of  neuroblasts (34.94%) were found to  migrate  within the 
cortex without any such association suggesting that some other factor(s) may 
possibly  be responsible for  migration  of these  cels (asterisk in  Fig.  3K,  L). 
This indicates that  ectopic  migration  of  neuroblasts in response to lesion is 
assisted  by  multiple  micro-environmental  cues/factors,  among  which  blood 
vessels and glial cels seem to be of high importance. 
3.4 Direct visualization of SVZ-derived ectopic migration 
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It  can  be  argued that, folowing  cortical lesion,  neuroblasts  are  generated 
within the  cortex itself,  and  not in the  SVZ/RMS,  as  some  previous reports 
indicated that  new  neurons  can  be formed in the  cortex folowing layer  VI 
cortico-thalamic  neuron  degeneration (Magavi  et  al.,  2000), traumatic  brain 
injury (Rice et al., 2003) and infrared-laser lesion of the visual cortex (Sirco et 
al., 2009). Therefore, to ascertain that the source of these ectopic neurobalsts 
is indeed the  SVZ/RMS,  we injected lentivirus expressing  GFP into the 
ipsilateral  SVZ/RMS  of the lesioned  mice (n=4).  Lentiviral  construct  was 
injected on day 3 folowing lesion, a time when many cels start to leave the 
RMS.  Eight  days  post injection (dpi)  we found that  most  of the  GFP-
expressing  neuroblasts  are in the  RMS (Fig.  3M), few in the  OB (data  not 
shown) and some cels started leaving the RMS (inset, Fig. 3M). In the cortex, 
GFP+  cels  with  migratory  morphology  also  expressed  Dcx indicating that 
these  cels  were indeed  neuroblasts (Fig  3N, inset).  Thus, the  neuroblasts 
migrating towards the lesioned  cortex  are  generated in the  SVZ/RMS. In 
addition, ectopic neuroblasts migrated in association with either blood vessels 
(Fig. 3O) or astrocytes (Fig. 3P), which confirmed our previous findings.  
3.5 Expression of SDF-1 and CXCR4 is increased around the lesion area  
The role of the chemokine SDF-1 and its receptor CXCR4 is wel established 
in neuronal migration in the developing brain (Stumm and Holt, 2007) as wel 
as in  pathological  conditions (Imitola  et  al.,  2004).  We  observed  an intense 
staining of secreted SDF-1 around the lesion area within 1day after lesion, but 
not in the control cortex (Fig. 4A, B). This strong staining remained for 1 week 
and then  decreased  gradualy (data  not  shown).  No detectable  expression 
was  observed in the  contralateral  hemisphere.  Similarly,  expression  of 
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CXCR4, receptor  of  SDF-1,  was  also increased transiently in the ipsilateral 
cortex folowing lesion (compare Fig. 4C and D). An intense expression was 
observed within 1 day after lesion, which was even higher after 3 days. 
At  a  celular level,  both  SDF-1  and  CXCR4  were  expressed  by reactive 
astrocytes present in the lesioned cortex. Punctate staining of secreted SDF-1 
was found  around the  cel  surface  while  CXCR4  was  expressed  strongly in 
the astrocyte cel body (Fig. 4E, F respectively). Interestingly, many cels near 
the lesion  site  with  an  upregulated reelin  expression,  also  co-expressed 
CXCR4 (Fig. 4G). We also observed few mature neurons near the lesion area 
co-expressing  CXCR4 (Fig.  4H-
Dcx-positive  neuroblasts (Fig.  4I).  This  was  also the  case for  neuroblasts 
leaving the  RMS folowing  cortical lesion (Fig.  4J).  However, later  during 
migration,  CXCR4  expression  was  down regulated in the  neuroblasts (data 
not shown).  
3.6   Blockade  of  CXCR4  alters  neuroblast  migration  paterns to the 
lesion site 
In order to beter determine the role of CXCR4/SDF-1 signaling in neuroblast 
migration, we injected subcutaneously AMD3100, a non-peptide antagonist of 
CXCR4 that inhibits CXCR4 binding to SDF-1, twice daily for 7 days folowing 
cortical lesion.  Triple immunostaining  using  Dcx/GFAP/CD31  was  performed 
on  sections from  both  AMD3100 treated  and  untreated lesioned  animals to 
assess  any  change in the  mode  of  neuroblast  migration.  The  percentage  of 
neuroblasts  migrating in  close  association  with  either  blood  vessels  or 
astrocytes or with no association was compared between lesioned+AMD3100 
administered animals and lesion-only animals (control). The diference in the 
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percentage  of  neuroblasts  migrating in  association  with  blood  vessels in the 
AMD3100 treated  mice (39.22%)  was insignificant  compared to lesion-only 
(40.13%) (Fig. 4K, P>0.05). In contrast, a significant reduction was observed 
with  cels  migrating  along  with  astrocytes (15.58% in  AMD3100 treated  and 
24.93% in  untreated  mice,  P<0.05).  Concomitantly, the percentage  of  cels 
migrating  without  any  association  was found to  be increased  significantly 
(45.11% in  AMD3100 treated  and  34.94% in  untreated brains,  P<0.05). This 
suggests that CXCR4/SDF-1 signaling pathways regulate ectopic migration of 
neuroblasts that are in association with the astrocytes.  
3.7 Proliferating cels diferentiate into mature neurons and glial cels  
Efective repair  mechanism  after  cortical  damage requires  maturation  of 
neuroblasts to replace injured neurons. To determine the fate of proliferating 
cels after motor cortex lesion, we undertook two diferent approaches:  
A)  A long-term  BrdU  assay  where  6 injections (2 injections  on  day  6,  day  7 
and day 8 after lesion) of BrdU were performed into lesioned mice (n=6) that 
were  sacrificed 30  days later.  Most  of the  BrdU+  cels  were  present  around 
the lesion core, densely populated with GFAP+ astrocytes forming a glial scar 
(Fig. 5A). Many of these astrocytes co-expressed BrdU suggesting that these 
cels  were  generated  after lesion (Fig.  5B-D). In the ipsilateral  cortex  a 
significant  number  of  BrdU+  cels  diferentiated into  Olig2+  oligodendrocytes 
(Fig.  5E-H).  To  analyze  whether  new  mature  neurons  were  also formed 
folowing lesion,  we  performed  double immunostaining for  NeuN (mature 
neuron marker)  and  BrdU  and labeled  nuclei  with  ToPro.   Few  BrdU+  cels 
were  also  NeuN+ (Fig.  5I-L).  Approximately  5±1.5  BrDU+/NeuN+  neurons 
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from 6  sections  spanning the lesion (n=4) were  observed,  which  amounts to 
only  2%  of the  average  number  of  migrating (Dcx+)  neuroblasts (~216, 
counted from  day  2,  7,  15  and  30 lesion  brains) indicating that few  mature 
neurons are formed folowing lesion.  
B)  To  ascertain that these  neurons indeed  originated from the  SVZ,  GFP 
expressing lentiviral injection  was  performed.  Migrating  neuroblasts  were 
shown to penetrate into the cortex. In order to study the fate of these ectopic 
neuroblasts in the  cortex, mice (n=4)  were  sacrificed three  weeks  after 
lentiviral injection.  Occasional  GFP+/NeuN+  mature  neurons  were  observed 
(Fig.  5M-O),  which  confirmed that  migrating immature  neuroblasts  have the 
capacity to form  mature  neurons in the  cortex. In  addition,  GFP+ long 
neuronal processes were present near the lesioned core (Fig. 5P, Q). 21 days 
folowing the injection procedure, NG2+/GFP+ mature oligodendrocytes were 
found  within the  corpus  calosum (Fig.  5R-T).  To  avoid  any  possible 
misrepresentation  of  GFP+/NeuN+  mature  neurons  due to  difusion  of  virus 
from the  site  of injection,  only  cels far  away from the  site  of injection  were 
considered positive. Thus, new cels generated in the SVZ/RMS in response 
to the aspiration lesion can migrate to the lesioned area and diferentiate into 
glial cels and also sparingly into mature neurons.  
4. Discussion 
This  study  describes  several  major  physiological  changes that take  place in 
the forebrain folowing aspiration lesion within the adult motor cortex. First, a 
transient, but significant increase in the progenitor cel proliferation in the SVZ 
was  observed in  both  hemispheres  with  a  concomitant increase in the 
neuronal  progenitor  cel  population.  Second,  a large  number  of  neuroblasts 
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migrated out of the RMS to the site of cortical lesion. This migration was not 
transient  and  persisted for  at least  2  months folowing lesion.  Third,  blood 
vessels and astrocytes were an integral part of this migratory process where 
both  assisted  neuroblasts to reach the lesion  site.  Fourth,  changes in the 
expression  of the  SDF-1/CXCR4  signaling  pathway  were  concomitant  with 
astrocyte-associated migration. Finaly, we report here that many of the newly 
generated cels diferentiated into astrocytes and oligodendrocytes, while few 
diferentiated into  mature  neurons.  Injection  of  GFP-expressing lentivirus 
unambiguously  demonstrated that the  SVZ is indeed the  source  of these 
neurons migrating ectopicaly to the cortex.  
4.1 Cortical lesion stimulates SVZ cel proliferation  
Previous reports on  SVZ cel  proliferation folowing  cortical lesion are limited 
and often contradictory. Several previous studies using diferent lesion models 
(for example, fluid-percussion Injury, controled cortical impact and focal acute 
injury)  demonstrated that  proliferation in the  SVZ is increased folowing 
cortical lesion  (Chirumamila et al., 2002; Chen et al., 2003; Ramaswamy et 
al.,  2005;  Blizzard  et  al.,  2011).  On the  contrary,  using  aspiration lesion in 
mice,  Goings  et  al., (2002) reported  a  biphasic  decrease in the  number  of 
BrdU+ in the ipsilateral SVZ and that the reduction was found to be significant 
between  6  hrs  and  day  3,  and  again from  day  25 to  day  35.  This  apparent 
discrepancy might arise from diferences in lesion models. However, using a 
similar  aspiration lesion  model  we  show that there is indeed  a  significant 
transient increase in  cel  proliferation in the  SVZ folowing  cortical  aspiration 
lesion that  peaks  at  day  7.  Our results, thus,  confirms lesion-induced 
augmentation in the  SVZ  proliferation  and refutes  any  possible  discrepancy 
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due to  diference in lesion  model.  Moreover,  proliferation increase  was  also 
observed in the contralateral  SVZ  as  also reported  previously (Chen  et  al., 
2003; Masuda et al., 2007).  
Baring few  exceptions litle is  known  about the  changes in the  expression 
patern of factors that may control SVZ proliferation folowing cortical injury. In 
rats,  aspiration lesion  enhances  expression  of  basic fibroblast  growth factor 
(bFGF) in layer  VIb  neurons (Gomez-Pinila  and  Cotman,  1992)  and  of 
epidermal  growth factor (EGF) in the  SVZ,  and  near the lesion  area,  but  no 
change in the  expression  of the  coresponding receptors (EGFr,  FGFr)  was 
observed (Sundholm-Peters  et  al.,  2005).  Expression  of  brain-derived 
neurotrophic factor (BDNF) is  also increased  after  compact  cortical impact 
injury (Yang et al., 1996). Sonic hedgehog (Shh) level is transiently increased 
in the  cortex  after  cortical freeze injury  and leads to reactive-gliosis 
(Amankulor et al., 2009). 
Ambiguity  also  exists in the  curent  knowledge  on lesion-induced 
neurogenesis in the SVZ. In a previous report, 25 days after aspiration lesion, 
an increased expression of PSA-NCAM in the SVZ raises the possibility of a 
delayed  neurogenesis (Goings  et  al.,  2002).  However, in  another  study,  15 
days  after  aspiration lesion,  BrdU+/Dcx+  cels  were  not reported to increase 
significantly in the  SVZ (Sundholm-Peters  et al.,  2005). In  our  study,  7days 
after lesion,  when the  SVZ  proliferation reached its  peak,  we  observed  a 
significant increase in the number of BrdU+/Dcx+ cels in the SVZ. This clearly 
indicates  an increase in the  post-lesion  SVZ  neurogenesis,  possibly 
contributing to the cels migrating to the lesion area.  
4.2 Neuroblasts emigrate from the SVZ into the area of cortical injury 
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Despite  a  majority  of  neuroblasts  migrating towards the  OB,  a large  number 
moved out of the RMS and navigated to the lesioned area. Ectopic migration 
started  2  days  post-lesion, indicating  a  short  delay in initiating this  process. 
Although  most  of these  ectopic  cels  were initialy found  either in the  corpus 
calosum  or in the  deep layer  of  cortex,  with time they  were  distributed 
throughout the  cortical  mantle  and later  predominantly localized  near the 
lesioned  area.  This  migration  appeared to  be  persistent  since  even  after  2 
months of lesion, Dcx+ neuroblasts could stil be found in the cortex.  
We observed that, unlike in the RMS, ectopic neuroblasts were predominantly 
single. Only few cel clusters were seen in the corpus calosum, but never in 
the cortical mantle. PSA-NCAM is necessary for chain migration and removal 
of the  PSA  moiety reduces the  compactness  of the  chain (Chazal et  al., 
2000). We observed that the individual ectopic cels in the  cortex  expressed 
low to  non-detectable levels  of  PSA-NCAM,  while the  ectopic  cel  clusters 
near the  SVZ/RMS,  expressed  high level  of  PSA-NCAM (supplementary 
figure S1D-F). Downregulation (or absence) of PSA-NCAM in the neuroblasts 
may influence their individual radial migration towards the injury.  
4.3 Interaction between migrating new neurons and host 
In animal models of cerebral ischemia, new neurons from the SVZ migrate to 
the striatum (Arvidsson et al., 2002; Jin et al., 2003). Regulation of this ectopic 
migration appears to involve multiple factors. In ischemia, ectopic neuroblast 
migration is guided by blood vessels (Thored et al., 2007; Kojima et al., 2010). 
In  diferent  cortical lesion  models,  although  ectopic  migration  has  been 
reported,  what regulates this  process  has  not  been  studied thoroughly 
(Ramaswamy  et  al.,  2005;  Sundholm-Peters  et  al.,  2005;  Faiz  et  al.,  2008). 
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We show here that blood vessels reorganize directing to the site of injury after 
lesion  and  a  significant  proportion  of the  migrating  neuroblasts  use them  as 
Interaction  between laminin,  a  major  extracelular  matrix  component,  and its 
of neural progenitors with blood vessels (Shen et al., 2008). In addition, blood 
vessel-derived  BDNF  can regulate  migration through interaction  with its 
receptor p75NTR, expressed by neuroblasts (Snapyan et al., 2009). 
In the  developing  brain,  SDF-1/CXCR4  signaling regulates  migration  of 
cerebelar  granule  cels (Zhu  et  al.,  2009)  and  dentate  granule  cels  of the 
hippocampus (Bagri  et  al.,  2002).  CXCR4 is  expressed  both in  neurons 
(Bajeto  et  al.,  1999)  and in  astrocytes (Ohtani  et  al.,  1998).  Moreover, 
CXCR4 is  expressed  by  al three  major  cel types (type  A,  B  and  C)  of the 
SVZ (Kokovay  et  al.,  2010).  Here,  we  have  shown that  25%  of  ectopic 
neuroblasts  migrate  along reactive  astrocytes.  High  expression  of  both 
CXCR4 and SDF-1 by astrocytes and CXCR4 by neuroblasts suggests a role 
of this  signaling  mechanism in  astrocyte-assisted  migration.  Expression  of 
both SDF-1 and CXCR4 by astrocytes indicates that an autocrine mechanism 
may regulate reactive  astrocyte  migration towards the lesioned  area  while  a 
paracrine  process,  wherein  secreted  SDF-1 in the  cortex is  perceived  by 
CXCR4-expressing  neuroblasts,  possibly regulates their  atachment  on the 
astrocyte  and  subsequent  migration. In traumatic  brain injury,  a temporal 
relation  between  neural  progenitors  and  SDF-1/CXCR4  expression  was 
studied,  where  SDF-1 leakage  was  observed  near the  damaged  area 
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folowing injury (Itoh et  al.,  2009). In  addition,  CXCR4  expression  was 
increased  only in  Sox2-positive  cels,  but  not in  GFAP-positive  astrocytes. 
However, the  significance  of  such  change  of  expression  on  neuroblast 
migration  was  not  previously  explored. In  our  study,  AMD3100-mediated 
blocking  of  SDF-1/CXCR4  signaling  along  with  a  significant reduction in the 
proportion  of  astrocyte-assisted  migration  substantiates the  hypothesis  of  a 
possible  paracrine interaction.  Shh  expression is  also induced in  astrocytes 
after lesion (Amankulor  et  al.,  2009)  and therefore, there is  potentialy  a 
synergistic role  of  Shh  and  SDF-1  signaling  mechanisms in  chemoatraction 
of  neuroblasts.  A  significant  number  of  neuroblasts  migrating  without  any 
association indicate involvement  of  other  as  yet  unidentified  mechanisms 
regulating this process. 
Post lesion, upregulation of secreted factors in the cortex and their receptors 
in the  SVZ  progenitors  may regulate  ectopic  migration.  Reelin  upregulation 
around the lesion core within 1 day after lesion suggests its involvement in the 
initiation  of  such  migration. In  demyelination lesion,  Reelin  acts  as  a 
chemokinetic factor  and regulate  detachment  of  neuroblasts from the  RMS 
and their dispersal into the corpus calosum (Courtes et al., 2011). This helps 
other chemokines to mobilize cels to the afected region.  
4.4   Migrating  cels from the  SVZ into the  area  of  cortical injury 
diferentiate into astrocytes, oligodendrocytes and mature neurons  
Using a long term BrdU assay we show that most of the BrdU+ cels present 
around the lesion co-express GFAP, many co-express Olig2 and a few BrdU+ 
cels express NeuN. After injection of lentivirus encoding GFP into the SVZ of 
lesioned animals, few NeuN+/GFP+ cels with long processes were seen near 
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the injury area. This strongly suggests that neuroblasts generated in the SVZ 
and migrating into the area of cortical injury have the ability to diferentiate into 
mature  neurons,  although in relatively low  number.  These results  are in 
agreement  with  previous  studies in  a  controled  cortical impact (CCI) injury 
model  showing that  most  of the  progenitors  within  cortical lesion  area 
diferentiate into mature astrocytes (Kernie et al., 2001), while mature neurons 
were found  only  occasionaly (Salman  et  al.,  2004).  Taken together, these 
results indicate that the microenvironment of the mature cortex may favor glial 
diferentiation.  This  conclusion is further  strengthened  by  a  previous 
observation  where  purified  SVZ neuronal precursors,  when transplanted into 
the  motor  cortex,  predominantly  diferentiated into  oligodendrocytes  and 
astrocytes (Seidenfaden et al., 2006). This fate switch may occur possibly at 
the  end  of  migration  when  cels reach their  destination  and  start 
downregulating the  neuroblast  marker  Dcx. It is to  be  noted,  however, in 
demyelination lesion,  gilal  protein  expression  by  SVZ  neuroblasts indicates 
that the immature  cels  already  harbor this  switch  signal (Jablonska  et  al., 
2010). Folowing lesion, changes in the local environment may also induce the 
glial fate. We observed a transient upregulation of Olig2 in the cortex as also 
reported  by  Bufo  et  al. (2005).  Transient  upregulation  of  Shh in the  cortex 
(Amankulor  et  al.,  2009)  may trigger  oligodendrocyte  diferentiation  and 
suppress mature neuron formation folowing lesion.  
The origin of newly generated mature neurons in the cortex folowing injury is 
controversial.  Few  studies indicated that  new  neurons  are  generated in the 
cortex in response to  degeneration  of layer  VI  cortico-thalamic  projection 
neurons (Magavi et  al.,  2000)  and folowing infrared-laser lesion  of the rat 
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visual  cortex (Sirco  et  al.,  2009).  Our  GFP-encoding lentivirus injection into 
the  SVZ provides  direct  evidence that the  SVZ is indeed the  source  of the 
ectopic  neurons that  we found in the area of  cortical injury.!Thus,  we 
convincingly demonstrated that the SVZ-derived neuroblasts can diferentiate 
into mature neurons and can also extend long processes near the lesion core. 
Unlike rodents,  SVZ  proliferation in  human is reduced  drasticaly  with  age 
(Sanai  et  al.,  2011)  and  only few  neuroblasts  originate from the  anterior 
ventral  SVZ (Wang  et  al.,  2011). In  addition,  neuronal turnover in the  OB is 
minimal or none at al (Bergmann et al., 2012). However, there are evidences 
of ischemia induced increased neurogenesis in the SVZ (Makas et al., 2006, 
Marti-Fabregas  et  al.,  2010) in  human.  Similarly,  TBI  also increases 
neurogenesis in  human  cortex (Zheng  et  al.,  2011).  Therefore,  analysis  of 
lesion-induced changes in experimental mouse model finds relevance with a 
possibility  of  extrapolating these  observations in  human  conditions to  design 
repair strategies folowing trauma or in neurodegenerative diseases.   
In conclusion, this study describes extensively the post-lesion changes in the 
cortex and in the SVZ. Besides providing strong evidence of SVZ proliferation 
and  neurogenesis, this  study  sheds light  on  mechanistic  aspects  on the 
ectopic migration of SVZ neuroblasts. Multiple modes of migration through the 
injured  cortex  point to the involvement  of  several  other  yet  unknown 
mechanisms in  addition to  SDF-1/CXCR4  signaling that regulates  astrocyte-
assisted  migration.  GFP transduction in the  SVZ  provided  evidence  of  SVZ-
derived  mature  neurons in the injured  cortex.  These findings  are  of 
importance  as they are the first  detailed  description  of  cel  proliferation, 
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migration  and  diferentiation folowing injury,  which  constitute  a  mandatory 
step in the field of endogenous brain repair processes.  
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Figure  1. Cortical lesion  stimulates  SVZ  cel  proliferation  and  neurogenesis. 
Photomicrographs of BrdU+ cels in the SVZ of control mice (A), and mice 7 
(B), 30 (C) or 60 days (D) after cortical lesion. (E) Quantification of BrdU+ cel 
number in the  SVZ  at  diferent times  after lesion. (F,G)  Double-
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immunofluorescence  confocal  micrographs  of  BrdU (red)  and  Dcx (green) in 
the  SVZ  of  control  mice (F)  and  7  days  after  cortical lesion (G). (H) 
Quantification  of  Dcx+/BrdU+  cel  number in the  SVZ  of  control  mice  and  7 
days after cortical lesion. LV: lateral ventricle, St: striatum. Scale bars: (A-D, 
F, G) 200 µm, (A-D inset) 90 µm, (F,G inset) 20 µm. 
Figure 2. Ectopic migration of Dcx+ neuroblasts from the SVZ to the cortical 
lesion site. Schematics of sagital (A) and coronal (E) view of the mouse brain 
showing migration of neuroblasts from the SVZ to the lesion area. Parasagital 
view of photomicrographs of Dcx+ cels in the RMS of control animals (B), and 
after lesion (C).  Dcx+  cels  were  seen  either in  cluster (D,  asterisk)  or 
individualy (D,  arowhead).  Low  magnification  photomicrograph  shows the 
extent of lesion (F). At various time points after lesion cels migrated through 
diferent regions of the cortical mantle (boxed in E). Dcx+ immunostaining of 
ectopic neuroblasts after 2 days (G), 7 days (H), 15 days (J) and 30 days (L). 
High  magnification  confocal  micrographs  of  Dcx+  neuroblasts  showing 
diferent  celular  morphology  at  diferent  stages  of  migration (I,  K,  M; boxed 
area in H, J and L respectively). CC= corpus calosum, Cx= cortex, L= lesion, 
V= ventricle. Scale Bars: (B, C, F, G, H, J, L) 200 µm, (D, I, K, M) 30 µm.  
Figure  3. Changes in  cortical  microenvironment  assist  neuroblast  migration 
after lesion.  CD31 immunostaining  of  control intact  cortex (A)  and lesioned 
cortex  at  diferent times  after injury (B-D).  Double immunofluorescence 
confocal micrograph of Dcx (green) and CD31 (red) at day 7 (E-G) and day 15 
(H).  Similarly,  double-immunostaining  of  astrocytes (blue)  and  neuroblasts 
(green)  after  7  days  of lesion (I,  J).  (K,  L asterisk)  Migration  of  neuroblasts 
(green) without any association. GFP immunostaining of brain sections after 8 
U\W!
days  of lentivirus injection (dpi) into the  SVZ/RMS (M). In the  cortex,  GFP+ 
cels (green)  co-express  Dcx (red) (boxed in N).  GFP+  neuroblasts  also 
showed  association  with  either  blood  vessels (O)  or  astrocytes (P).  Scale 
bars: (A-D) 250 µm, (E, H) 50 µm, (F, G) 16 µm, (I, J, O, P) 20 µm, (K, L) 30 
µm, (N) 80 µm, (N inset) 40 µm, (M) 100 µm, (M inset) 50 µm. 
Figure 4. Expression patern of SDF-1 and its receptor CXCR4 in the cortex 
after lesion. SDF-1 expression patern in the cortex of the control mice (A) and 
3  days  after lesion (B).  Photomicrograph  of  CXCR4  expression in the  non-
lesioned  cortex (C)  and  near the lesion  core (D).  Confocal  micrographs  of 
double-immunostained sections with GFAP (red) and SDF-1 (Green) (E) and 
GFAP (red)  and  CXCR4 (green) (F).  Near the lesion,  Reelin  was  co-
expressed with CXCR4 (G) and some NeuN+ cels co-expressed CXCR4 (H-
).  Double-immunostaining  of  Dcx (red)  and  CXCR4 (green) in the 
neuroblasts in the  RMS (H)  and  after  exiting the  RMS (I).  Quantification  of 
changes in the  cel  association folowing  administration  of  CXCR4-blocker 
AMD3100 (J). Scale Bars: (A-D) 250 µm, (E-G, I) 50 µm, (H) 20 µm. 
Figure  5. Neuroblasts in the  cortex  diferentiate into  glia  and  neurons.  One 
month  after  cortical lesion,  overlapping  expression  of  BrdU (red)  and  GFAP 
(green)  near the lesion  core (A).  GFAP+  astrocytes (green)  co-expressed 
BrdU (red) (B-D) in this area.  Olig2-expressing  cels (green)  also  co-labeled 
BrdU (red) adjacent to the lesioned cortical areas (E-H). In the cortex, some 
BrdU+  cels (red)  expressed  mature  neuronal  marker  NeuN (green) (I-L). 
GFP+ cels also co-labeled with NeuN (red) after 21 days of lentiviral injection 
(M-O).  GFP+  neuronal  processes  near the lesion  core (P,  Q).  NG2+/GFP+ 
mature oligodendrocytes (R-T) after 21 days of GFP injection. Scale bars: (A, 
U\[!
C) 150 µm, (B-D, M-O) 15 µm, (F-H) 20 µm, (I-L) 8 µm, (P, Q) 50 µm, (R-T) 
20 µm.!
Supplementary figure1. Doublecortin  expressing  ectopic  neuroblasts in the 
cortex also express ToPro indicating these cels contain soma (compare A-C). 
Ectopic neuroblasts when remain in cluster near the RMS, express both Dcx 
and  PSA-NCAM (D-F).  However,  single isolated  neuroblasts  downregulate 
PSA-NCAM.  Scale bars: (A-C) 20 µm, (D-F) 25 µm.  
Supplementary figure2.  Expression  of  GFAP+ reactive  astrocytes  was 
upregulated in the cortex after lesion and maintained for at least 30 days (A-
D).  Reelin  expression  was increased transiently (F,  G)  compared to  control 
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